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Chapter 1  
General Introduction 
The earliest archeological discoveries of the use of amphiphiles by man date from 2800 B.C. as 
indicated by the findings of soap-like materials in clay cylinders during the excavation of 
ancient Babylon.[1] Inscriptions on the cylinders say that fats were boiled with ashes, which is a 
method of making soap, but do not refer to the purpose of the material. Apart from the use of 
surfactants for cleaning purposes, known at least in ancient Egypt, less traditional applications 
as in cosmetics, targeted drug delivery and medical diagnostic systems have been developed in 
the last decades.[2-4] 
Not only the number of applications has increased, but also the variety in amphiphilic 
molecules has been enlarged. Apart from the traditional amphiphiles, high molecular weight 
surfactants in the form of block copolymers have been reported (Figure 1.1).[5] These consist of 
a polar and an apolar polymer block, which makes them capable to self-assemble in a similar 
way as their low molecular weight equivalents. Due to the polymeric nature of these so-called 
“super amphiphiles” the corresponding aggregates are more robust and stable in water. 
 
 
 
Traditional 
Amphiphile 
Amphiphilic 
Block Copolymer 
Protein-Polymer 
Hybrid Amphiphile 
Figure 1.1 Computer generated models of a traditional amphiphile, an amphiphilic block copolymer and a 
protein-polymer hybrid amphiphile. 
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In this thesis research on a new class of amphiphiles, termed “giant amphiphiles”, is reported. 
These surfactants consist of a protein as the polar head group and one or two polymer chains as 
the apolar tails (Figure 1.1). Apart from being larger as the traditional and super amphiphiles, 
these biohybrids also have a built-in functionality when enzymes are used as the polar 
headgroup. The hybrids differ from other protein-polymer systems described in the literature, 
in the sense that the protein to polymer ratio is predefined and the position of the conjugation 
site is precisely known. 
This thesis starts with an literature overview of traditional amphiphiles, amphiphilic block 
copolymers and protein architectures (Chapter 2). These three topics have served as the source 
of inspiration for the research on protein-polymer hybrid amphiphiles described in the 
subsequent chapters. In Chapters 3 and 4 the synthesis and physical properties of giant 
amphiphiles based on monobiotinylated polystyrene and streptavidin are discussed. Much 
attention is given to experiments aimed at proving the formation of the desired biohybrids. 
Furthermore, initial steps towards the use of these (bio)macromolecules in sensor applications 
and in the generation of self-assembled catalytically active surfaces are described. Chapter 5 
deals with polystyrene molecules that contain two biotin groups and the corresponding protein-
polymer hybrids. These polymers were designed in order to obtain better defined protein-
polymer architectures. In Chapters 6 and 7 new reversible streptavidin binding ligands are 
described, which were also used in the construction of protein-polymer hybrids. The 
preliminary studies on the use of other polymers than polystyrene as the apolar part of the giant 
amphiphiles are described in Chapters 8 and 9. Chapter 10 gives an overview of related work 
on giant amphiphiles performed in our group, which was started after the successful initial 
experiments on the streptavidin-polymer hybrids. The thesis ends with two appendices and 
summaries in English and in Dutch. 
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Chapter 2  
Literature Survey 
2.1 Low Molecular Weight Amphiphiles 
Amphiphiles[1] are molecules with both a hydrophilic and a hydrophobic part (Figure 2.1). The 
hydrophobic part – the so-called ‘tail(s)’ – generally consists of one or two alkyl chains, 
whereas the hydrophilic part – the so-called ‘head’ – is formed by ionic, non-ionic or 
zwitterionic groups. The driving force for the aggregation of amphiphiles in water is 
considered to be the hydrophobic effect:[2-4] above a certain critical concentration of 
amphiphiles, the formation of an assembly is entropically favored to a solution of individual 
molecules. Upon aggregation the surfactants arrange and organize such that the heads become 
oriented towards the water and the tails cluster together leading to the formation of micelles, 
rods, planar bilayers, inverted micelles, bicontinuous structures and vesicles (Figure 2.1). 
 
Figure 2.1 Different aggregation morphologies: micellar rods (a), micelles (b), bilayers (c), vesicles (d) and 
inverted micelles (e). 
Chapter 2 
- 4 - 
The actual structure formed by the amphiphiles in dilute solutions is determined by the three 
terms of the free energy of surfactant self-assembly:[4] 
• A favorable hydrophobic contribution, due to an entropy effect involving the solvent water. 
• A surface term that reflects the two opposing tendencies of the molecules, viz. to crowd 
close together to minimize the unfavorable hydrocarbon-water interactions and to spread 
apart as a result of electrostatic repulsion, hydration and steric hindrance. 
• A packing term which requires that the hydrophobic core of the aggregate excludes water 
and polar head groups, and as a consequence limits the type of aggregates that is 
geometrically possible. 
 
A theoretical model based on statistical mechanics of phospholipids was developed by 
Israelachvili. It predicts the type of aggregate on the basis of the packing parameter P, relating 
the volume of the molecule v to its length l and the head group area a:[5, 6] 
 )/( alvP ⋅=  (2.1) 
From this formula it can be deduced that cone-shaped amphiphiles (P < ½, Figure 2.2) form 
micellar structures, whereas bilayer morphologies such as vesicles and planar bilayers will be 
formed by cylindrical formed molecules (½ < P < 1) and inverted structures when the volume 
occupied by the chains is larger then that of the head group (P > 1). Most experimental results 
for phospholipids agree reasonably well with these predictions, and even for diblock 
copolymers consisting of a polystyrene tail and a polar dendrimer head group a qualitative 
agreement was found.[7, 8] However, deviations of the model have been observed for surfactants 
that contain rigid segments like diphenylazomethine moieties[9] or multiple hydrogen bonding 
units like urea and acylurea.[10] 
 
 
cone shaped 
P < ½ 
 
cylindrical shaped 
½ < P < 1 
 
inverted-cone shaped 
P > 1 
Figure 2.2 Different shaped amphiphiles and their corresponding packing parameters. 
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2.2 Amphiphilic Block Copolymers 
2.2.1 Amphiphilic Linear Diblock Copolymers 
Amphiphilic diblock copolymers, i.e. polymers consisting of a hydrophobic and a hydrophilic 
block, are known to self-assemble in a similar way as the low molecular weight surfactants. 
However, the critical micelle concentration (cmc) is usually much lower[11] and the dynamics 
of the chain exchange are much slower, due to a number of factors including the high 
molecular weight, the possible entanglement and the low mobility of the chains in the core.[12] 
This makes the formed aggregates of block copolymers very robust and stable in aqueous 
solutions, as has been demonstrated by Discher and coworkers who have studied the 
aggregation behavior of poly(ethyleneoxide)-b-poly(ethylethylene) polymers (PEO-PE).[13] 
Upon hydration and vitrification small vesicles (≤200 nm) were formed, whereas through 
electroformation[14-17] giant vesicles of 20-50 µm in diameter were generated (Figure 2.3). 
These appeared to be highly deformable and to have an enhanced toughness and reduced 
permeability as compared to conventional lipids. 
a  b  c 
Figure 2.3 Small (a, bar = 20 nm) and giant (b, c) vesicles composed of PEO-PS diblock copolymers. The 
deformation (c, see arrow) of a giant vesicle has been demonstrated with the use of a micropipette.[13] 
Copolymers consisting of a polar and apolar block can form either star or crew-cut[18] micelles, 
depending on the relative block lengths. Star micelles are made from block copolymers in 
which the corona-forming blocks are much longer than the core-forming blocks, whereas crew-
cut micelles consist of a large core-forming blocks and a small corona-forming blocks. 
Eisenberg and coworkers have extensively studied these aggregates by making use of 
asymmetric amphiphilic diblock copolymers of polystyrene-b-poly(acrylic acid), polystyrene-
b-poly(ethylene oxide) and polystyrene-b-poly(4-vinyl pyridine).[19, 20] Apart from the strict 
micellar structure, a wide range of other morphologies was observed including rods, lamellae, 
vesicles, hexagonally packed hollow hoop structures (HHH) and large compound micelles 
(LCMs, Figure 2.4). The type of morphology was found to be mainly governed by three 
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components of the free energy of aggregation:a (i) core chain stretching, (ii) surface tension 
between the micellar core and the solvent outside the core, and (iii) intercoronal chain 
interactions.[21-26] These factors and thereby the morphology are affected by parameters such as 
the solvent composition,[27] the relative block lengths,[22, 23, 28] the temperature,[29] and the 
presence of added species including salts, acids, bases, homopolymers and low molecular 
weight surfactants.[30-34] 
a  b
 
 c  d
 
e 
 
 f  g 
 
Figure 2.4 Several different morphologies found for polystyrene-b-poly(acrylic acid) copolymers: spheres (a), 
rods (b), lamellae (c), vesicles (d), HHHs (e), LCMs (f) and the internal structure of a LCM (g).[19] 
The aggregation behavior of copolymers can be controlled by incorporating charges in the 
polymer blocks as has been shown by Kataoka and coworkers.[35, 36] They used poly(ethylene 
glycol)-b-poly(α,β-aspartic acid) and poly(ethylene glycol)-b-poly(L-lysine) as a pair of 
polymers which are oppositely charged. When pairs with a different length of the charged 
block were mixed, neutral polyion complexes (PIC) were formed. These complexes consisted 
of the minimal required number of polymers to neutralize the total charge (Figure 2.5). Pairs 
with charged blocks of similar length formed bimolecular complexes that grew into larger PIC 
micelles. Under conditions in which matched and unmatched pairs coexist, only the matched 
pairs form PIC micelles whereas the remaining polymers of unmatched length remain as 
individual entities. It was assumed that this is a result of the increased stability of the micelles 
over the individual PICs. 
                                                 
a Although the definitions of the separate components of the free energy differ from those given for low molecular 
weight amphiphiles in Section 2.1, both cover the same individual contributions. 
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Figure 2.5 Schematic representation for chain length-dependent recognition through the formation of PIC 
micelles.[36] 
To obtain structures with a high level of organization one can use monomers which contain all 
the necessary information in the form of chirality, hydrogen-bonding capacity, steric demands, 
electrostatic properties, hydrophilic or hydrophobic character, or metal ion binding capability. 
This principle is most cunningly demonstrated in the case of proteins where the amino acid 
sequence determines the secondary structure (i.e. α-helices and β-sheets), which in turn control 
the tertiary (protein subunit) and quaternary (overall) structure of the macromolecule. This 
influence of the monomer unit on the final aggregate structure has also been observed for 
diblock copolymers of polystyrene and charged poly(isocyanopeptides) which are studied in 
our group.[37, 38] In these macromolecules the stereochemistry (via the resulting steric 
interactions) of the isocyanopeptide monomer determines the sense of helix which is formed by 
the corresponding polymer block (Figure 2.6). Self-assembly of the copolymers leads to the 
formation of several types of aggregates, such as vesicles, bilayers and superhelices. The 
helical sense of the last was found to be opposite to that of the poly(isocyanopeptide) block. 
 
Figure 2.6 Example of the effect of the stereochemistry of the monomer (isocyano-L-alanine-L-alanine) on the 
corresponding polymer (right-handed) and in turn on the resulting superhelix (left-handed) after self-assembly.[37] 
Long range interactions between individual aggregates have been reported by Jenekhe and 
coworkers who studied the self-assembly of rod-coil diblock copolymers consisting of 
poly(phenylquinoline) (PPQ) and polystyrene (PS, Figure 2.7).[39, 40] The use of selective 
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- 8 - 
solvents for the rigid PPQ rod led to the formation of large micrometer-sized aggregates with 
various morphologies (spheres, vesicles, cylinders and lamellae).34 The spherical and 
cylindrical structures contained a large hollow cavity as a result of the close packing of the 
rigid rod blocks. The micelle-like aggregates were shown to be able to encapsulate large 
amounts of fullerenes in the inner cavity and in the PS core. The use of a selective solvent for 
the flexible PS coil instead of for the PPQ yielded exclusively hollow spherical micelles of 
several micrometers in size (Figure 2.7).[40] Further long-range, close-packed self-ordering of 
the micelles produced periodic microporous materials of which the microstructure and optical 
properties could be tuned by the addition of small amounts of fullerenes, which were 
incorporated in the PS corona. 
The formation of vesicle films is not limited to the PS-PPQ system as has been shown by Ding 
et al. who evaporated organic solutions of polyisoprene-b-poly(2-cinnamoylethyl 
methacrylate) (PI-b-PCEMA) vesicles on top of a water surface.[41, 42] The shape of the vesicles 
changed from being spherical to hexagonal, to form a close-packed film with a hexagonal 
morphology. 
2.2.2 Amphiphilic Dendritic-Linear Diblock Copolymers 
A special kind of block copolymers are the dendritic-
linear block copolymers as first reported by Fréchet et 
al.[44-47] These amphiphilic macromolecules are unique in 
the sense that they combine the random coil conformation 
of a long flexible chain with the restricted conformation 
and flexibility of dense globular dendrimers[48] (Figure 
2.8). Furthermore, the dendrimer block is precisely 
tunable in size and its multiple endgroups can easily be 
   
Figure 2.7 Schematic representation of solvent dependent aggregation of PPQ-PS block copolymers (left) and a 
fluorescent photomicrograph of a solution-cast micellar film (right).[40] 
 
Figure 2.8 Computer generated model of 
a linear-dendritic block copolymer.[43] 
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modified. For polystyrene-poly(propylene imine) copolymers it was observed that increasing 
the generation of the polar dendrimer from zero to four, the morphology changed from inverted 
micelles, vesicles, micellar rods to micelles,[7, 8] following the model of Israelachvili.[5, 6] 
Reversed linear-dendritic block copolymers consisting of polar poly(ethylene glycol) (PEG) 
tails and apolar poly(benzyl ether) dendrons, have been investigated by Fréchet and 
coworkers.[49] They observed that due to the reversed architecture the hybrids behave as 
unimolecular micelles below their critical micellar concentration (cmc), with the PEG chains 
forming a hydrophilic corona around the hydrophobic dendron (Figure 2.9). At concentrations 
above the cmc these hybrids aggregate to form multimolecular micelles. 
Studies of linear PEG-dendritic carbosilane block copolymers showed that the cmc decreases 
with the increase of the hydrophobic dendritic generation, leading to complete insolubility at 
generation three.[50] Furthermore, the increase in generation also led to an increase in the 
diameter of the corresponding aggregate. 
 
Figure 2.9 The behavior of a reversed linear-dendritic block copolymer below and above the cmc.[49]  
Copolymers containing a polar rigid linear and an apolar flexible dendritic block, viz. a 
poly(isocyanopeptide) and a carbosilane dendrimer, have been investigated in our group.[51] 
These conjugates of the first and second generations displayed similar physical properties as 
those of the isocyanopeptide homopolymer. However at higher generations (three and four) the 
presence of the dendritic group did result in the aggregation of the macromolecules. Spherical 
structures were formed in chloroform, which upon addition of silver ions transformed into 
micellar fibers with a corona of dendrimers and a core consisting of silver-binding 
poly(isocyanopeptides). 
2.2.3 Stimuli-Responsive Polymers 
Block copolymers of which the amphiphilic character can be switched on and off, can be 
obtained by using so-called stimuli-responsive or smart polymers. These macromolecules 
respond with large property changes to small chemical or physical stimuli such as pH, specific 
ions, electric fields and temperature. An example of the last category are polymers which have 
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a lower or an upper critical solution temperature (LCST or UCST): above and below 
respectively a specific temperature the polymer spontaneously transforms from molecularly 
dissolved to phase separated in water. The coupling of such a temperature dependent polymer 
block with a hydrophilic block results in diblock copolymers of which the character can be 
reversibly switched between hydrophilic and amphiphilic.[52] 
Apart from synthetic polymers also biopolymers like the elastin-mimicking protein polymers 
[(Val/Ile)-Pro-Gly-Xxx-Gly]n can display a temperature dependent phase behavior in aqueous 
solutions.[53] The actual LCST temperature of these polymers is dependent on the polarity of 
the unique amino acid residues (Xxx) within the repeat sequence. Conticello et al. have 
exploited this dependence to obtain temperature dependent amphiphilic block copolymers.[54] 
These polymers were obtained by protein engineering, which allows for a high degree of 
control over the composition, sequence and length of the blocks. Raising the temperature above 
the LCST resulted in the (reversible) formation of micelles with a diameter which was 
dependent on the actual temperature and pH. 
 
Diblock copolymers consisting of two different responsive blocks can exist in three states in 
aqueous solution, namely, as conventional micelles, reverse micelles, and molecularly 
dissolved polymer chains.[55-59] The nature of the micellar core of the aggregates of these so-
called ‘schizophrenic’ polymers is determined by the conditions, allowing the inside and 
outside block to change by a combined stimulus of pH and ions,[56, 59] pH and temperature,[57] 
pH only,[55] or temperature only.[58] In the last case a combination of poly(3-[N-(3-
methacrylamidopropyl)-N,N-dimethyl]ammoniopropane sulfonate) as a LCST block, and 
poly(N-isopropylacrylamide) as a UCST block was used in such a way that it formed colloidal 
aggregates at low and high temperatures, while being molecularly dissolved at intermediate 
temperatures (Figure 2.10). The combination of poly(4-vinyl benzoic acid) (VBA) and poly(2-
(diethylamino)ethyl methacrylate) (DEA) leads to zwitterionic schizophrenic diblock 
 
Figure 2.10 Schematic representation of the switching process of diblock copolymers containing two different 
responsive blocks.[55]  
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copolymers which can be switched by pH.[55] The core is formed by VBA at low pH, DEA at 
high pH, while at intermediate pH nonmicellar aggregates are formed and precipitation occurs. 
Microcapsules of stimuli-responsive polymers are considered to be potentially useful as 
controlled-release systems, because the encapsulated compounds can be released at a desired 
rate at a specific place and time. Yamaguchi and coworkers have developed such a system for 
the controlled release of the solute vitamin B12.[60] The microcapsule consisted of a core-shell 
porous membrane and linear-grafted poly(NIPAM-co-BCAm) chains in the pores, which acted 
as molecular-recognition gates (Figure 2.11). The gates could be closed by addition of Ba2+ 
ions which are captured by the BCAm receptor and thereby decreasing the lower critical 
solution temperature (LCST) of the NIPAM. The system proved to be fully reversible after 
dialysis against deionized water. 
 
Figure 2.11 Schematic representation of the molecular recognition microcapsule grafted with poly(NIPAM-co-
BCAm).[60] 
2.3 Protein Architectures 
In the above described examples of self-assembly of macromolecules into well-defined 
aggregates only synthetic compounds were considered. The following sections will be 
dedicated to the organization of natural biomacromolecules, with and without the help of 
synthetic molecules. In many of the discussed systems the proteins avidin and streptavidin will 
play an important role. 
2.3.1 Avidin, Streptavidin and Biotin 
Avidin was first recognized as a biological factor in egg white of birds, reptiles and amphibians 
in the late 1920s during the discovery and isolation of the vitamin H (D-biotin, 1 in Figure 
2.12).[61] Its function in the egg was presumed to be that of an antibiotic protein inhibiting 
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bacterial growth by acting as a biotin scavenger, while biotin itself was recognized as a 
coenzyme in the function of CO2 transfer.[62, 63] Later streptavidin was discovered being a close 
structurally and functionally related protein, which is expressed in the bacterium Streptomyces 
avidinii.[64-66] 
 a
NHHN
S
O
OH
O
HH
1
 b  c 
 
Figure 2.12 Chemical structure of biotin 1 (a), X-ray structures of biotin (b) and biotin saturated streptavidin 
(c).[67]  
Avidin and streptavidin are both homo-tetrameric proteins with a 2-fold symmetry, similar in 
size (5.6×5.0×4.0 and 5.4×5.8×5.8 nm, respectively) and molecular weight (62 and 60 kD, 
respectively).[67, 69, 70] They are capable of binding four biotin molecules in a noncooperative 
way[67, 71, 72] by binding sites which are arranged in pairs at opposed faces of the molecule 
(Figure 2.12). The resulting complexes have the highest 
affinity interactions known in nature between a protein 
and a ligand (Ka ~ 1013 and 1015 M-1 for streptavidin and 
avidin, respectively, Table 2.1).[73] The complexation is 
based on a combination of hydrogen bonding, 
electrostatic and hydrophobic interactions.[67, 73-75] The 
valeric acid carboxyl group of biotin does not play a 
significant role in the binding process[73, 76] and can, 
therefore, be modified chemically for use in many 
applications.[76, 77] 
 
Streptavidin and avidin have a remarkably thermal stability (Tm = 75 and 83°C, respectively), 
which is even increased upon binding of biotin (Tm = 112 and 117°C, respectively).[78] 
Moreover, the avidin-biotin complex is stable under strong chemically denaturing conditions (9 
M urea or 7 M guanidium hydrochloride) and over a wide pH range (pH 2 – 13).[73, 79] Despite 
the similarities between streptavidin and avidin, there are important differences between the 
two proteins. Avidin is a glycoprotein that contains one disulfide bridge and two methionine 
residues whereas streptavidin is nonglycosylated, has no sulfur-containing residues and most of 
Table 2.1 Hierarchy of protein-ligand 
affinity interactions.[68]7] 
Affinity interaction Ka (M-1) 
Avidin-biotin 
Streptavidin-biotin 
Protease-inhibitor 
Receptor-ligand 
Antibody-antigen 
Transport protein-ligand 
Lectin-sugar 
Enzyme-substrate 
1.7 × 1015 
2.5 × 1013 
1010 - 1013 
109 - 1012 
107 - 1011 
106 - 108 
103 - 106 
103 - 105 
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the basic amino acids present in avidin have been replaced by neutral or acidic residues. The 
presence of the sugar moieties and basic amino acids in avidin results in non-specific 
adsorption to nucleic acids and negatively charged cell membranes, which makes it less 
suitable for most applications. 
2.3.2 Lipid-Streptavidin Conjugates 
The possibilities to use streptavidin as a versatile supramolecular building block have been 
demonstrated by the extensive work of Ringsdorf and coworkers.[80, 81] The protein was 
immobilized on a monolayer of biotinylated phospholipids creating a two-dimensional docking 
matrix. By using bifunctional linker molecules the system could be expanded in a step-by-step 
construction process to well-defined alternating protein triple layers of streptavidin and 
concanavalin A (Figure 2.13). The same approach has been used to crosslink vesicles from 
mixtures of non-functionalized and biotin-functionalized lipids.[81-84] This site-specific binding 
between vesicles assures that their spherical shapes and membrane morphology are kept 
preserved. In contrast, liposomes that have been aggregated under osmotic stress[85] or by 
addition of calcium ions[86] often deform and become fragile and leaky. 
a    b    c 
 
Figure 2.13 Computer generated model of a liposome-streptavidin conjugate (a), a schematic representation of a 
liposome-streptavidin (Sav)-concanavalin A (Con A)-streptavidin multilayer (b) and of streptavidin crosslinked 
vesicles (c). 
Straight tubular structures formed by biotinylated lipids can be used as a template for the 
formation of ordered helical arrays of streptavidin as has been shown by Brisson and 
coworkers (Figure 2.14).[87-89] The streptavidin matrix could subsequently be used for the 
binding of biotinylated molecules such as the iron storage protein ferritin. A similar helical 
matrix of streptavidin can be obtained upon incubation of the protein with non-functionalized 
carbon nanotubes.[90] The diameter of the tube proved to be an essential parameter for the 
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formation of ordered arrangements: carbon tubes with diameters other than 16 - 17 nm showed 
only randomly arranged streptavidin molecules.  
a
  
   b
 
Figure 2.14 (a) Lipid tubular structures covered with streptavidin (left, bar = 50 nm) and with streptavidin and 
ferritin (right).[87, 88] (b) Streptavidin organized on a carbon nanotube (left) and the corresponding three 
dimension model (right).[90] 
2.3.3 Streptavidin Cross-linked Inorganic Particles 
Connolly and Fitzmaurice have used the streptavidin-biotin interaction to organize gold 
colloids that were functionalized with biotin by chemisorption.[91] The cross-linking was 
achieved by the addition of streptavidin and indicated by the immediate change of the color of 
the solution from red to blue. This color change is attributed to the distance-dependent optical 
properties of the gold nanoparticles.[92, 93] Dynamic light scattering (DLS) and transmission 
electron microscopy revealed networks with an average of 20 interconnected particles that 
were separated by about 5 nm, which correlates well with the diameter of streptavidin (Figure 
2.15a). 
A similar approach was used by the group of Mann to assemble the iron storage protein ferritin 
(see also Section 2.3.7).[94] The protein was chemically modified by the coupling of biotin 
groups to the 60 – 70 exposed lysine residues. Addition of streptavidin resulted in the 
  c a
 
   b
 
  d
 
Figure 2.15 TEM image of biotin-modified gold particles after streptavidin-induced aggregation (a),[91] schematic 
representation of biotinylated ferritin crosslinked by streptavidin (b) and TEM images of biotinylated ferritin in 
the absence (c) and presence (d) of streptavidin.[94] 
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crosslinking of ferritin into large supramolecular structures (Figure 2.15b-d). The aggregation 
process could be reversed by adding a 20-fold excess of free biotin. 
2.3.4 Dendrimer-Streptavidin Architectures 
The group of Wilbur has investigated the use of biotinylated poly(amidoamine) (PAMAM) 
dendrimers in cancer therapy to increase the amount of radionucleotides which can be bound 
per cancer cell antigen.[95] The amount of streptavidin that was bound by the dendrimers was 
found to vary with the generation: generation zero (four biotin moieties) binds two proteins, 
generation one (eight biotins) binds three proteins, while generations two - four (16, 32 and 64 
biotin groups respectively) bind five proteins. The number of bound streptavidin molecules is 
smaller than predicted, assuming one pair of biotins for every protein. This might be a result of 
steric hindrance. 
Partly biotinylated PAMAM dendrimers cross-linked by avidin can also be used to create 
multilayer thin films in which both the protein and polymer are positively charged.[96, 97] The 
strong interactions between avidin and the biotin groups of the dendrimer are necessary to 
overcome the electrostatic repulsion: the thin film does not form when unmodified dendrimers 
are used. Due to the rigid dense structure of the PAMAM dendrimers, the dendrimer and the 
protein are deposited in a well-behaved layer-by-layer fashion (Figure 2.16). In comparison, 
the use of the randomly branched biotinylated poly(ethyleneimine)s (PEI) and the linear 
biotinylated poly(allylamine)s (PAA) did only lead to the formation of avidin multilayers. 
 
Figure 2.16 Schematic representation of multilayer films of avidin/PAMAM (left), avidin/PAA (middle) and 
avidin/PEI (right).[97] 
Immobilized PAMAM dendrimers on a gold surface can also be used as a regenerable affinity-
sensing surface.[98] By modifying the dendrimer with biotin analogues exhibiting lower affinity 
for avidin than the native biotin, reversible association/dissociation of the protein, and thereby 
the regeneration of the surface could be achieved. After functionalization of the avidin layer 
with biotinylated glucose oxidase, the catalytic activity could be determined by cyclic 
voltammetry. 
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2.3.5 Streptavidin Attached to Smart Polymers 
Hoffman and coworkers have used proteins coupled to stimuli-responsive polymers (see also 
Section 2.2.3) for the reversible precipitation of the attached protein[99, 100] or to reversibly 
block the active site.[101-108] In the latter case a thermally responsive polymer e.g. poly(N,N-
diethylacrylamide) (PDEAAm) was attached to streptavidin a small distance away from one of 
the binding sites (Figure 2.17). Below the lower critical solution temperature (LCST) of 
PDEAAM, the polymer is in its extended state and allows binding of biotin to the modified 
binding site and the neighboring site (Figure 2.17a). However, the access to both binding sites 
is blocked for large biotinylated proteins due to steric hindrance between the polymer and the 
protein (Figure 2.17b). Above the LCST the polymer collapses, which leads to an increase of 
steric crowding around the modified binding site preventing access to all molecules. In 
contrast, the crowding around the neighboring site is sharply reduced, which allows for the 
binding of biotin and biotinylated proteins. 
If the conjugation position of the polymer is located near an important biotin binding contact 
residue, the collapse of the polymer can even lead to the release of biotin from the modified 
binding site.[103, 104] It is assumed that this is the result of conformational change in the protein 
by the physical change of the polymer. 
a
 
    b
 
Figure 2.17 Schematic model of different shielding effects of a conjugated smart polymer on the binding of biotin 
(a) and large biotinylated molecules (b).[101-108] 
2.3.6 DNA-Streptavidin Conjugates 
Niemeyer and coworkers have investigated the use of streptavidin to construct supramolecular 
assemblies of DNA.[109] Bisbiotinylated double-stranded DNA fragments in combination with 
the protein did lead to the formation of three-dimensional networks in which streptavidin acted 
predominantly as a bivalent linker, while trivalent and tetravalent branch points occurred only 
in a low frequency (Figure 2.18).[110] The networks could be transformed into nanocircles by 
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thermal treatment.[111, 112] These nanocircles contain only one streptavidin molecule which 
connects both ends of the DNA. 
Covalent single stranded DNA-streptavidin conjugates with different base sequences were 
synthesized, each able to complex with their complementary part on a larger RNA strand.[113] 
In this way a precise spatial arrangement of biotinylated molecules could be obtained by 
binding these compounds to streptavidin before complexing the DNA fragments with RNA 
(Figure 2.18). 
 
Figure 2.18 Formation of DNA-streptavidin networks (left, bars = 100 nm) and the spatial arrangement of gold 
(a-e) and antibody (f) bounded streptavidin molecules by DNA-RNA interactions (right). [110-113] 
2.3.7 Ferritin and Viral Protein Cages 
Ferritins are iron storage proteins that comprise 24 subunits of two types (designated H and L) 
that self-assemble to form a hollow cage-like structure with a diameter of 12 nm. In the internal 
cavity of native ferritin (∅ = 8 nm, Figure 2.19) iron can be stored as a particle of ferrihydrite. 
Due to its remarkable stability (pH 2 – 10, temperatures up to 70ºC) ferritin has been used as a 
template for constrained material synthesis.[115-118] The interior surface of the demineralized 
protein (apo-ferritin) provides regions of high charge density (nucleation sites) capable of 
inducing mineralization through complementary 
electrostatic interactions between the protein and various 
provided mineral precursors. A wide variety of metal oxide 
particles has been generated in this way, of which 
magnetite (Fe3O4) particles are particularly noteworthy.[116] 
This mineral-protein conjugate is known as magnetoferritin 
and because of its magnetic properties it is a potential 
biocompatible magnetic resonance contrast agent[119-121] 
 
Figure 2.19 Computer generated model 
of ferritin with an encapsulated ferric 
oxyhydride particle (in black).[114] 
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and a proven immunomagnetic label for cell separation.[122] 
Viral protein cages occur in a wide variety of sizes and shapes. For example, the equine herpes 
virus exists as a 100 nm-diameter sphere,[123] cowpea chlorotic mottle virus is a 28 nm diameter 
sphere,[124] while the tobacco mosaic virus forms stable 300 nm rod-like structures.[125] The 
research groups of Douglas and Young have investigated the use of these viral protein cages as 
constrained reaction environments[126-128] in analogy with the iron-storage protein ferritin. The 
icosahedral cowpea chlorotic mottle virus (CCMV) consists of 180 identical 20 kD-subunits 
which form a shell with a cationic interior to interact with the polyanionic viral RNA. The viral 
cage devoid of nucleic acid was used to mineralize a range of polyoxymetalate species by 
incubation with the precursor ions at neutral pH.[127] Under these conditions the CCMV exists 
in its open form and allows all ions access to the cavity (Figure 2.20a). When the pH was 
lowered to pH 5 the viral capsid underwent a structural transition to a closed state, while at the 
same time the inorganic species oligomerized to form large polyoxymetalate particles of which 
the size was only limited by the dimensions of the capsid cavity (18 - 24 nm, Figure 2.20b). In 
a similar way an anionic organic polymer (poly-anetholesulfonic acid 2, Figure 2.20c) could be 
encapsulated by the virion. To crystallize cationic species the electrostatics of the protein cage 
interior surface was genetically engineered from having 1620 cationic charges to 1620 
corresponding anionic charges.[128] The altered interior favored strong interaction with ferrous 
and ferric ions, which promoted oxidative hydrolysis leading to size-constrained iron oxide 
particle formation as in the protein ferritin.  
a
 
  b   c 
OMe
SO3
n
2  
Figure 2.20 (a) The open en closed forms of CCMV. (b) Electron micrograph of assembled CCMV virions 
mineralized with polyoxymetalate cores.[127] (c) Structure of poly-anetholesulfonic acid 2. 
The groups of Johnson and Finn have recently shown that viruses can be used as nanoscale 
building blocks.[129] The cowpea mosaic virus (CPMV) particles are icosahedral in shape with a 
diameter of 30 nm. They consist of 60 copies of two different protein subunits (Figure 
2.21).[130] Their integrity is maintained at 60ºC (pH 7) for at least one hour and at room 
temperature for extended periods of time (pH 3.5 – 9). Mutant CPMV particles with cysteine 
residues on the exterior surface were prepared, which could subsequently be derivatized with 
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60 gold particles. It has been proposed that these mutant viruses can be crystallized (self-
assembled) in well-ordered arrays of 1013 particles in a typical 1 mm3 crystal, as is the case for 
the wild-type virus. 
a    b
 
Figure 2.21 Representation of the X-ray crystal structure of CPMV (a) and electron density map of the gold 
modified CPMV in which only the outer gold particles and the inner nucleic acid are shown (b).[129] 
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Chapter 3  
Giant Amphiphiles Based on Monobiotinylated 
Polystyrene 
3.1 Introduction 
Low molecular weight amphiphilic molecules are known to form a large variety of self-
assembled structures in water, e.g. monolayers, micelles, vesicles, and rod- and sheet-like 
structures.[1] Well-defined diblock copolymers – so-called “super amphiphiles” – like 
poly(ethylene glycol)-poly(benzyl ether) dendrimers, polystyrene-poly(propylene imine) 
dendrimers, polystyrene-b-poly(2-vinylpyridine)s and block copolymers of styrene and 
isocyanopeptides, have been shown to generate these highly ordered structures as well.[2-5] The 
morphology of these aggregates can be controlled by varying the block lengths of the 
copolymers and by adding inorganic salts.[3, 4, 6-8] 
In this chapter a new class of amphiphiles is described. They are termed “giant amphiphiles” 
and consist of a protein which acts as a polar head group and hydrophobic polymer chains 
which function as the apolar tails (Figure 3.1a).[9] Apart from being larger as the traditional and 
super amphiphiles, these biohybrids also have a built-in functionality when enzymes are used 
as the polar headgroup. The hybrids differ from other protein-polymer systems described in the 
literature, in the sense that the protein-to-polymer ratio is predefined and the position of the 
conjugation site is precisely known. 
The hybrid amphiphiles were prepared by the association of two molecules of mono-
biotinylated polystyrene 1 (Figure 3.1b) and streptavidin. The latter 60 kD protein consists of 
four identical subunits, each of which can bind one biotin molecule.[10, 11] The affinity between 
streptavidin and biotin is so high (Ka ~ 1013 M-1) that the resulting complex can be regarded as 
being irreversible. The valeric acid carboxyl group of biotin can be used for modification, since 
it does not play a significant role in the binding process.[10, 12] The binding sites are positioned 
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in pairs at opposite faces of the protein, which allows the use of streptavidin as a versatile 
modular building block in the construction of supramolecular systems (Figure 3.1).[13-16] 
3.2 Synthesis of Biotinylated Polystyrene 
For the association of the biotinylated polystyrene with streptavidin, a hydrophilic spacer 
between the biotin and the polystyrene unit is desired.[17] Therefore, biotin p-nitrophenol ester 
3 was reacted with a tenfold excess of the spacer 1,8-diamino-3,6-dioxaoctane dihydrochloride 
2a in acetonitrile using triethylamine as the base (Scheme 3.1). The resulting biotinyl-3,6-
dioxaoctanediamine 4a was purified by applying the counter-current extraction method 
(butanol/acetic acid/water, 4:1:1 v/v/v),[18] resulting in a 46 % yield of the desired product. 
Other standard purification techniques were not successful, mainly due to the high polarity of 
the individual compounds in the reaction mixture. 
Compound 4a could also be obtained by using the mono Boc-protected spacer 2b. The latter 
compound was prepared in 80 % yield by reacting 2a with Boc-anhydride in dioxane. 
Subsequent reaction with the activated ester of biotin 3 in the presence of sodium bicarbonate 
in dimethoxyethane resulted in 4b (75 % yield). Deprotection with TFA in dichloromethane 
gave the desired crude product 4a as a TFA-salt, which was used in subsequent reactions 
without further purification. 
The second synthetic route to obtain 4a did not give an advantage above the first, since a 
similar overall yield was obtained and two extra reaction steps were required. 
                                                 
a The polystyrene tail in the schematic pictures throughout this thesis is often depicted as an extended chain, 
similar to the representations used in describing traditional surfactants. In reality the polymer chain will display a 
variety of conformations. 
a   b
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Figure 3.1 (a) Schematic representationa of the modular construction of functional protein-polymer hybrids. In 
the first step two polymer tails 1 are bound to streptavidin, resulting in the formation of a giant amphiphile. The 
remaining binding sites can be functionalized in the second step. (b) Structure of biotinylated polystyrene 1. 
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Scheme 3.1 Synthesis of biotinylated spacer 4. Reagents and conditions: i) (Boc)2O, dioxane, 0ºC, 2h; iia) Et3N, 
MeCN, 16 h; iib) NaHCO3(aq)/DME, 16h; iii) TFA, CH2Cl2, 3h.  
The biotinylated spacer 4a was reacted with carboxy terminated polystyrene 5 in 
dichloromethane, initially using N,N'-dicyclohexylcarbodiimide (DCC) as a coupling reagent 
(Scheme 3.2). However, instead of the desired compound 1 the N-acyl urea 6 was formed (see 
Chapter 6). The formation of 6 as the main product (> 80%) is probably due to a low 
accessibility of the reaction center (the endgroup) of the polymer. An alternative reaction 
procedure using (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 
(BOP) as a coupling reagent in DMF did result in the formation of biotinylated polystyrene 1, 
which after precipitation in methanol and column chromatography (MeOH/CH2Cl2, 2:98 v/v) 
was isolated in 43 % yield. According to mass spectroscopy and GPC measurements the 
number average molecular weight and the polydispersity of 1 amounted to Mn = 9147 and 
Mw/Mn = 1.04. 
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Scheme 3.2 Synthesis of biotinylated polystyrene 1 and the rearrangement product dicyclohexylurea-capped 
polystyrene 6. Reagents and conditions: i) 4a, Et3N, BOP, DMF, 16 h. ii) 4a, Et3N, DCC, CH2Cl2, 16 h. 
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3.3 Surface Acoustic Wave Studies 
Encouraged by several reported examples in which the streptavidin-biotin system was used to 
generate a sensor response,[15, 19, 20] we decided to use the surface acoustic wave device (SAW, 
see Appendix A) to investigate the streptavidin binding ability of a biotinylated polystyrene 1 
layer.[21] To this end a drop of a stock solution of 1 was deposited on the active sensor surface, 
after which the solvent was allowed to evaporate (Figure 3.2). As a result the frequency of the 
sample delay line dropped and a mass loading of 443 ng was calculated (equation 1 in 
Appendix A), which corresponded well with the amount of deposited material (436 ng). The 
sensor device was placed in a flow cell and exposed to water that was circulated via a 
peristaltic pump. The layer of 1 appeared to be very stable under these conditions; the baseline 
was only affected by changes in temperature and flow-rate. 
a      b
 
Figure 3.2 The binding and release of streptavidin to a biotinylated polystyrene coating on the SAW device: a) 
schematic representation of the events; b) normalized response of the SAW device. Upward arrows indicate 
consecutive additions of streptavidin, downward arrows indicate additions of free biotin. 
The binding of streptavidin to the deposited polymer 1 was subsequently studied by adding 
small aliquots of a stock solution of this protein to the circulating water. The first addition 
resulted in an immediate frequency change as compared to the reference surface, which lacked 
the biotinylated polystyrene coating (Figure 3.2). After the addition of the first aliquot, the 
sensing layer already seemed to be saturated as two subsequent additions of equal volumes of 
streptavidin solution only showed minor further increases in the response. These increases can 
be explained by the availability of a few remaining binding sites, or by the occurrence of non-
specific binding of streptavidin to the coating. To investigate the latter a large excess of biotin 
(>20000 equivalents) was added to the circulating solution. A decrease of adsorbed mass was 
observed (Figure 3.2b), indicating the release of previously specifically bound streptavidin 
molecules. Non-specific bound proteins to the coating are not expected to be released under 
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these conditions. That the frequency of the device does not return to its expected original value 
is probably due to the very strong binding between biotinylated polystyrene 1 and streptavidin. 
To further ascertain the specific binding of the protein in the above mentioned experiment, a 
similar experiment was carried out, but now using inactivated streptavidin, i.e. streptavidin of 
which the binding sites had been fully saturated with biotin. This time there was no observable 
response of the device, confirming that the previously measured signal was due to specific 
binding of the protein to the polymer layer. 
The mass increase after the three additions of active streptavidin was calculated to be 21 ng, 
which corresponds to 3.5×10-13 mole. This is two orders of magnitudes less than the deposited 
4.8×10-11 mole of biotinylated polystyrene molecules. The difference can be explained by 
taking in account that the polymer film consist of approximately 20 layers, as can be calculated 
from an active sensor surface of 9 mm2 and a molecular area of 3.9 nm2 for the polymer as 
derived in Section 3.5. From the actually available biotin groups at the film surface apparently 
30 % is bound to streptavidin, resulting in a sensor coverage by the protein of 55-85 %. For 
this calculation a protein molecular area of 23.5-35.7 nm2, as reported in the literature, was 
used.[17, 22] 
3.4 Aggregation in Aqueous Solution 
To construct giant amphiphiles of biotinylated polystyrene 1 and streptavidin as schematically 
depicted in Figure 3.1, a common solvent for the two components would be preferable. The 
molecular dissolution of both species would assure the accessibilities of both the biotin group 
of the polymer and the binding sites of the protein. However, solvents that are well suited for 
polystyrene such as THF, DMF and dioxane were found to induce denaturation of the protein.a 
Attempts to minimize this unfavorable effect through the addition of water was not successful 
since polystyrene forms aggregates in these solvents at water contents as low as 15%.[23] 
Therefore, it was decided to first form aggregates of polymer 1, which then could be 
functionalized with streptavidin. 
A THF solution of biotinylated polystyrene 1 was injected into hot water (60°C) under 
sonication. The resulting spherical aggregates were uniform in size (∅ ~ 25-50 nm) as revealed 
by transmission electron microscopy (TEM, Figure 3.3a) and stable over periods exceeding one 
month. The homogeneous electron dispersive character of the spheres as observed by TEM 
                                                 
a Streptavidin is only partly stable in THF, and instable in DMF and dioxane as was deduced from CD 
measurements. 
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suggests the presence of traditional micellar structures or aggregates of non-ordered polymers 
with an organized shell. The latter architecture is similar to that of a latex particle surrounded 
by polymer chains of which the polar biotin groups are pointing towards the water (Figure 
3.3c). Neither architecture can be ruled out on basis of the observed diameters, taking in 
account that the fully extended length of a biotinylated polystyrene chain of 90 repeating units 
is approximately 25 nm.a  
a
 
 b
 
  c
 
Figure 3.3 TEM images of aggregates of 1 in water (a, bar = 250 nm, Pt shadowing), aggregates of 1 
functionalized with streptavidin (b, bar = 250 nm, Pt shadowing) and schematic representation of aggregates of 1 
crosslinked by streptavidin (c). 
Addition of streptavidin to the dispersion of biotinylated polystyrene 1 led to a clustering of the 
aggregates, most likely caused by the protein acting as a crosslinker (Figure 3.3bc).[24, 25] The 
specific binding, i.e. binding based on the streptavidin-biotin interaction instead of 
physisorption of the protein to the aggregates, was ascertained using the HABA-streptavidin 
assay.[26] In this test a dispersion of 1 was added to a solution of streptavidin of which the 
binding pockets had been saturated with the dye 4'-hydroxyazobenzene-2-carboxylic acid 7 
(HABA, Ka ~ 104 M-1, Figure 3.4). The dye was found to be expelled from the binding pockets 
by the biotin end group of the polymer, resulting in changes in the relative intensities of the 
UV/vis absorption bands of the dye (Figure 3.4c). This experiment confirms that biotinylated 
polystyrene 1 organized in aggregates is still capable of binding streptavidin leading to protein 
functionalized spheres and to aggregation of those structures. 
                                                 
a The extended length l of the biotinylated polymer 4 (25 nm) was estimated by using the formula l = n·b·sin(α/2), 
in which n is the number of bonds (200), b is the average bond length (1.53 Å) and α the average bond angle 
(109.5°). 
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Figure 3.4 Addition of aggregates of biotinylated polystyrene 1 to HABA saturated streptavidin: a) Schematic 
representation of the reaction in which HABA is expelled; b) Structures of HABA in the bound (7a) and free form 
(7b);[27] c) Changes in the UV/vis spectrum. The arrows indicate the increase and decrease of the signals 
corresponding to free and bound HABA, respectively. 
3.5 Monolayers at the Air-Water Interface 
The in situ constructed giant amphiphiles described in Section 3.4, are poorly defined due to 
the limited access of the biotin endgroups of 1 for streptavidin and the ability of the protein to 
bind up to four biotinylated polymers at opposite sides. Therefore, in a second approach the 
protein-polymer hybrids were constructed by making use of a Langmuir trough (Figure 3.5). 
This has the additional advantage that the formation of the giant amphiphiles can be monitored 
via the recorded pressure-area isotherms: the protein-polymer hybrids are expected to have a 
larger head group area than the biotinylated polystyrene 1 in the absence of streptavidin, which 
should be reflected in the isotherms. 
When polymer 1 is spread from a volatile apolar solvent at the air-water interface (Figure 3.5), 
the biotin endgroup will dissolve into the aqueous phase due to its hydrophilic nature, whereas 
the polystyrene chain will stay on top of the water phase. Subsequent addition of streptavidin to 
    
Figure 3.5 Construction of protein-polymer hybrids using the Langmuir technique: a) spreading of the 
biotinylated polymer 1; b) injection of streptavidin in the subphase; c) compression of the resulting giant 
amphiphiles; d) the resulting monolayer. 
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the subphase will result in the binding of this protein one side only and thereby to the 
formation of the giant amphiphiles. The polymer 1 will not dissolve in the aqueous phase 
thereby preventing the binding of the polymer molecules at both sides of streptavidin. 
Compression of the protein-polymer hybrids will finally result in the formation of a well-
defined monolayer. 
Experiments of the type described above were carried out and the obtained surface pressure-
surface area isotherm of 1 in the absence of streptavidin (Figure 3.6) showed a lift-off area of 
5.2 nm2 and a molecular area of 3.9 nm2. The latter was calculated by extrapolating the 
maximum slope of the isotherm to zero surface pressure. This value is in good agreement with 
the theoretical value of 3.93 nm2 which can be calculated for a single polystyrene chain with a 
similar molecular weight (Mw = 9836) according to the formula:[28]  
 wMA ⋅×=
−4
0 104  (3.1) 
where A0 is the molecular area per molecule (nm2/molecule) and Mw is the molecular weight of 
the polymer (only valid if Mw > 4000). In the presence of active streptavidin (0.5 equivalent) a 
dramatic increase in both the lift-off area and molecular area per biotinylated macromolecule 
was observed (to 14.8 and 12.0 nm2, respectively). If it is assumed that each streptavidin 
molecule binds two biotinylated polystyrene chains, a molecular area of 24 nm2 can be 
deduced for the amphiphilic complex, which agrees well with the values of 23.5-35.7 nm2 
reported for streptavidin itself.[17, 22] That the increase in area is largely due to specific binding 
of the protein to the biotinylated polymer was confirmed by recording the isotherm of 1 on a 
subphase containing deactivated streptavidin (Figure 3.6), which showed only slight 
differences from the isotherm of 1 on buffer.[29] 
 
Figure 3.6 Surface pressure/surface area isotherms of biotinylated polystyrene 1 recorded on a subphase without 
protein (– –); on a subphase containing streptavidin (–––) and on a subphase containing deactivated streptavidin 
(· · ·). 
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3.6 Macro and Microscopic Properties of the Monolayers 
3.6.1 Brewster Angle Microscopy 
Langmuir monolayers can be visualized directly by Brewster angle microscopy (BAM),[30] 
which reveals information about the two-dimensional organization of monolayer materials, 
including size and shape of domains and heterogeneity in the films. When p-polarized light 
impinges at the air-water interface at the Brewster angle (53.1º), no light is reflected from the 
interface between the two media which have different refractive indices (Figure 3.7a). The 
introduction of a Langmuir monolayer will however modify the Brewster angle conditions, and 
light will now be reflected, which can be used for recording and imaging. 
a     b 
Figure 3.7 (a) Physical principle of BAM: when p-polarized light is incident at the interface of two media with 
different refractive indices (n2 > n1), no light is reflected if α = Brewster angle. Introduction of a thin film at the 
interface will modify the Brewster angle conditions, resulting in reflection of the light if the angle still equals α; 
(b) BAM image of a biotinylated polystyrene 1 monolayer. 
Monolayers of biotinylated polystyrene 1 at the air-water interface were investigated by BAM 
during compression. The recorded images showed that from the start of the experiment the 
polymer is present in large domains with dimensions of several micrometers (Figure 3.7b). 
During compression the voids between these domains gradually disappeared, finally resulting 
in the formation of a rigid film. Investigations on the monolayers of the giant amphiphiles gave 
similar results as in the case of biotinylated polystyrene 1 (not shown), which made that no 
conclusions with respect to the formation of such amphiphiles could be drawn. 
3.6.2 Atomic Force Microscopy Experiments 
To investigate the monolayers of the biotinylated polystyrene 1 and the giant amphiphile 
monolayers further, atomic force microscopy (AFM) was applied.[31] To this end the Langmuir 
monolayers of the two species were horizontally deposited (Langmuir-Schaeffer (LS) 
technique)[32] from the air-water interface onto highly oriented pyrolytic graphite (HOPG). 
Monolayers of biotinylated polystyrene 1 in the absence of streptavidin were investigated with 
contact mode AFM (c-AFM) in an aqueous environment. From the recorded topography 
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images it was evident that the polymer can form very smooth (roughness ~0.3 nm) and 
extended monolayer domains (Figure 3.8a). The sizes and shapes were rather heterogeneously 
distributed with circular domains ranging from 50 nm to several microns in diameter, and ill-
defined shapes extending even further. The height of the domains was centered around 7 ± 0.5 
nm. Occasionally two neighboring domains were found to overlap resulting in a total height of 
15 nm. These results are comparable with those reported in the literature for polystyrene in the 
absence[28, 33] and presence of additional hydrophilic groups.[34-37] The dimensions of the 
domains are several orders larger in size than the surface area of an individual biotinylated 
polystyrene molecule (3.9 nm2, see Section 3.5), suggesting that the domains exist of many 
laterally entangled polymer chains. This aggregation is assumed to take place immediately 
after deposition of polymer 1 on top of the air-water interface: by the time the deposition 
solvent has evaporated, the features have already formed and are kinetically trapped.[28, 36] 
Addition of free streptavidin to the aqueous solution on top of the deposited monolayer of 
biotinylated polystyrene resulted in an immediate change in surface roughness, which 
gradually increased from 0.4 to 1 nm (peak to peak) in the course of one hour. Unfortunately 
the resolution of the corresponding AFM images was too low to reveal single protein 
molecules (Figure 3.8b). This is probably caused by AFM-tip broadening effects and the 
mobile nature of the ethyleneglycol spacer moiety of polymer 1.[38] 
a   b 
Figure 3.8 (a) Topography image of biotinylated polystyrene 1 deposited on HOPG at 40 mN/m, investigated by 
c-AFM in an aqueous environment (image size 6×6 µm2); (b) Idem, after addition of streptavidin (image size 
420×420 nm2). 
In a second series of experiments, monolayers of the giant amphiphiles were transferred to 
HOPG by the LS technique at two different surface pressures (viz. 8 and 35 mN/m) and 
subsequently imaged with c-AFM in aqueous environment. From the images (Figure 3.9) it 
could be deduced that the protein-polymer hybrids at low surface pressures form distinct 
monolayer domains. These are typically a few hundred nanometer in diameter and have a 
thickness of 7-8 nm. Compression to higher surface pressure led to a decrease of the voids 
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between the individual domains and in some cases to their overlap. The height of the domains 
was not changed during the process, indicating that the packing of the polymeric tails is not 
affected. Closer examination of plateaus revealed a roughness of 0.8 nm (peak to peak) that is 
attributed to the protein. 
a
 
  b
Figure 3.9 Topographical images of c-AFM measurements in aqueous solution of monolayers of protein-polymer 
hybrids deposited on HOPG at a surface pressure of 8 mN/m (a, image size 4×4 µm2) and 35 mN/m (b, image size 
1.5×1.5 µm2). 
To obtain AFM images with higher resolutions it was decided to use the intermittent contact 
mode technique (ac-AFM, also known as ‘tapping’ mode). These experiments had to be 
performed in ambient air, because water would interfere to a great extent with the 
measurements. 
Imaging of the dry sample of the protein-polymer hybrid monolayer deposited onto HOPG at 
35 mN/m, revealed similar characteristics (Figure 3.10) as in the earlier performed 
measurements by c-AFM in water (Figure 3.9). The height of the observed monolayer domains 
was slightly higher (8-10 nm compared to 7-8 nm), confirming that the height measured in c-
AFM is underestimated due to protein mobility in the aqueous environment. Assuming a 
polystyrene layer thickness of 7 nm, a height of 2 nm can roughly be estimated for the protein. 
This number which differs significantly from the theoretical height of 5 nm derived from the 
crystal structure of streptavidin,[17] falls within the range of values recorded by others in similar 
a   b   c 
Figure 3.10 Monolayer of giant amphiphiles deposited on HOPG measured with ac-AFM in air: (a,b) topography 
images (image sizes 5×5 µm2 and 1285×1285 nm2, respectively); (c) phase image of area b; 
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experiments (height values 1.0-2.8 nm).[39] A possible reason for the apparent height reduction 
is the AFM tip pressure which can lead to plastical deformation (‘squeezing’) of the protein, a 
phenomenon that has not only be observed for streptavidin[39] but also for other proteins[40] and 
DNA.[39, 41-43] 
More detailed examination of the domains revealed that they actually consist of small globular 
structures of 50-100 nm in diameter (Figure 3.10b). Phase images[44] of the same area gave a 
clear contrast. Figure 3.10c shows that the globular structures itself are dark, while the 
surroundings of the structures and the voids between the domains appear bright. This 
corresponds to small and large phase shifts, respectively, which are probably the results of 
topographic effects rather than an effect of the material itself: the topography causes 
differences in the size of the interaction area between the AFM tip and the sample. If the tip is 
on top of a small globular structure, it only senses with the very end of the tip and the resulting 
phase shift is small resulting in a dark image. When the tip penetrates the space between two 
structures, the interaction increases since it touches all the surrounding objects, resulting in a 
larger phase shift and a corresponding bright image. The background shows an intermediate 
and more homogeneous contrast because of the less pronounced topographic characteristics. 
3.6.3 Combined AFM and Confocal Microscopy Experiments 
Additional information on the protein-polymer hybrid monolayers was obtained by combined 
c-AFM and scanning confocal microscopy (SCM) in ambient air, allowing topography and 
fluorescence imaging of exactly the same area of the sample. Monolayers of the giant 
amphiphiles were prepared as described in Section 3.5, but now using rhodamine Red-X 
labeled streptavidin in the subphase prior to the spreading of the biotinylated polystyrene 1.a 
The amount of spread polymer was adjusted such that a surface pressure of 10 mN/m was 
obtained without compression, thereby minimizing the formation of multilayers. After 
incubation the layer was horizontal deposited and subsequently dried on a hydrophobic glass 
substrate. This allows one to perform epifluorescence measurements through the substrate 
while simultaneously examining the sample on top by AFM. 
The AFM images revealed an extended monolayer (Figure 3.11) of which the thickness 
corresponded to the values found in previous c-AFM experiments (7 nm). Only a few defects 
were observed. Corresponding fluorescence images were obtained while exciting at 543 nm 
                                                 
a The moment of the addition of streptavidin to the subphase, before or after the spreading of polymer 1, has no 
influence on the formation of the giant amphiphiles. 
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and measuring the Red-X emission at 600 nm. A close correlation between the fluorescence 
intensity and the height (Figure 3.11) was found, indicating a homogeneous binding of the 
streptavidin molecules to the polymer chains. The observed small overlapping regions in the 
topography image correspond to a double intensity in the corresponding fluorescence image, 
from which it can be deduced that the defects have arisen after the formation of the protein-
polymer hybrids. To obtain high resolution images, the same samples were also studied by ac-
AFM. On top of the individual domains streptavidin molecules could be visualized with a 
height of 3 nm and a width of 20-30 nm (Figure 3.11d). The latter high value can again be 
attributed to a tip broadening effect. The apparent separation between the individual proteins is 
several tens of nanometers, but it can not excluded that in certain areas the streptavidin 
molecules pack more closely but due to the relative tip dimensions this could not be verified. 
a  b  c  d 
Figure 3.11 Monolayers of protein-polymer hybrids deposited on a hydrophobic glass: a) fluorescence image (λex 
= 543 nm, λem = 600 nm, image size 40×40 µm2); b) corresponding topography image measured by c-AFM; c) 
topography image recorded by ac-AFM (image size 4×4 µm2); d) idem, high magnification (image size 1.3×1.3 
µm2). 
3.7 Conclusions 
It has been shown that amphiphilic protein-polymer hybrids can be constructed by the 
association of two monobiotinylated polystyrene molecules 1 and one streptavidin molecule. 
The specific binding between the polymer and the protein was ascertained by several methods. 
Due to the absence of a common solvent for the biotinylated polymer and streptavidin only 
poorly defined giant amphiphiles could be constructed in aqueous media. However, with the 
use of a Langmuir trough monolayers of protein-polymer hybrids could be prepared. 
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3.8 Experimental Section 
3.8.1 Chemicals 
(+)-Biotin, (+)-biotin-4-nitrophenyl ester and tris(hydroxymethyl)amino-methane hydrochloride buffer (pH 7.0) 
(Tris) were obtained from Fluka. (Benzotriazol-1-yloxy)-tris(dimethylamino)phosphonium hexafluorophosphate 
(BOP) and streptavidin were purchased from Sigma. 4'-hydroxyazobenzene-2-carboxylic acid (HABA) was 
obtained from Aldrich. Streptavidin rhodamine Red™-X conjugate was obtained from Molecular Probes. 
Monocarboxy terminated polystyrene (PS-COOH, synthesized according to a literature procedure[45]) was 
generously donated by J.J.L.M. Cornelissen. All solvents were distilled prior to use. 
Thin layer chromatography analyses were performed on Merck precoated silica gel 60 F254 plates using the 
solvent mixtures indicated: BAW (butanol/acetic acid/water = 4/1/1 v/v/v), PAW (isopropanol/ammonia/water = 
85/5/10 v/v/v), MCA (MeOH/CHCl3/acetic acid = 20/80/0.1 v/v/v). The spots were visualized with the help of UV 
and/or TDM (chlorine gas/4,4’-(tetramethyldiamino)-diphenylmethane coloring reagent). 
Coated electron microscope grids (formvar, formvar/carbon, or carbon) were prepared by an in house developed 
procedure or purchased from Electron Microscope Sciences. NMR spectra were recorded on Bruker AC-100, 
Bruker WM-200, and Bruker AC-300 instruments at 297 K. Chemical shifts are reported in ppm relative to 
tetramethylsilane (δ = 0.00 ppm) or to the appropriate solvent signal. FT-Infrared spectra were recorded on a Bio-
Rad FTS 25 instrument. UV/vis spectra were measured on a Varian Cary 50 Conc spectrometer. MALDI-ToF 
spectra were measured on a Bruker Biflex III spectrometer. 
3.8.2 Surface Acoustic Wave Experiments 
The Love Wave device (device “KUN5”) was developed in the group of Dr. M. Vellekoop (University of Delft). 
The device consisted of a layer of ST-cut quartz with a pattern of interdigitated aluminum electrodes. On top of 
the device a thin layer (4-6 µm) of SiO2 was deposited as a guiding layer for the Love Waves. The devices were 
mounted on a circular Printed Circuit Board (PCB) which can be plugged into a wet cell. All oscillator electronics 
was located on the back of the PCB and was available for readout by a frequency counter (HP 53132A with option 
010) and a digital multimeter (HP 34970A with a HP34901A module). The multimeter and frequency counter 
were linked to a PC via a IEEE-488 interface, which allowed data acquisition using a commercial software 
package (HP-VEE 4.01). 
The coating of biotinylated polystyrene 1 was applied by deposition of 5 µl of a corresponding stock solution 
(9.5×10-6 M) in THF on the active sensor surface (9 mm2) after which the solvent was allowed to evaporate. The 
device was put into the flow cell and exposed to a buffered aqueous solution (0.05 M Tris, 0.1 M NaCl, pH 7) 
which was circulated by a peristaltic pump (Pharmacia Fine Chemicals P1) with a flow rate of 100 ml/min. 
Aliquots (20 µl) of a streptavidin solution (7.8×10-6 M) in the same buffer were added to the sample solution. In 
total 1.3 mg biotin (5.3×10-6 mole) in 2 ml buffer solution was added to the circulating solution. The total sample 
volume was kept as small as possible (<15 ml) to ensure a fast equilibration. 
Solutions of inactivated streptavidin were prepared by the addition of biotin to the above mentioned protein stock 
solution until a biotin/streptavidin ratio of 20/1 was reached. 
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3.8.3 Preparation of the Aggregates  
In a typical procedure, 30 µl of a biotinylated polystyrene 1 solution (9×10-7 M) in THF was injected into 1 ml 
ultrapure water of 60ºC during sonication. After 3 min. the vial was closed and the dispersion was sonicated for an 
additional 6 min. 
Functionalization of the resulting aggregates of 1 was performed by the addition of a 170 µl streptavidin solution 
(8×10-6 M) in ultrapure water to the dispersion at 60ºC. After 15 min. the dispersion was allowed to cool to room 
temperature. 
3.8.4 Electron Microscopy 
Samples for TEM were deposited from the aqueous dispersions onto formvar-coated electron microscope grids. 
After 2 min. the excess water was drained off and the grids were shadowed with platinum at an angle of 45º. TEM 
images were obtained with a JEOL JEM-1010 microscope (60kV) equipped with a CCD camera. 
3.8.5 HABA-Streptavidin Assay[26] 
A HABA stock solution (200 µl, 1.03×10-4 M HABA, 0.1M NaCl, 0.05M Tris) was added to 500 µl of a 
streptavidin solution (6.23×10-6 M streptavidin, 0.1M NaCl, 0.05M Tris). Small aliquots (10 µl) of a dispersion of 
1 in ultrapure water (2.7×10-7 M) were added to the resulting mixture, while measuring the UV/vis spectra (λ = 
650-250 nm). The spectra were corrected for dilution and back scattering of the aggregates.  
3.8.6 Monolayer Experiments 
The biotinylated polymer 1 was spread from a chloroform solution (typically 1×10-4 M) on the air-water interface 
of a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). A buffer (Tris, pH 7.0) or 
ultrapure water was used as the subphase. After incubation (15 min.) the layers were compressed at 0.7 cm2 min-1. 
For the construction of the giant amphiphiles 0.5 molecular equiv. of a buffered aqueous streptavidin solution 
(typically 1×10-5 M) were injected in the subphase before compression. This system was allowed to equilibrate for 
an additional h. before compression was started. Experiments with deactivated streptavidin were performed with a 
buffered stock solutions containing a biotin/streptavidin ratio 16:1. 
3.8.7 Brewster Angle Microscopy 
Monolayers of biotinylated polymer 1 and of the protein-polymer hybrids were prepared following a similar 
procedure as the one described in Section 3.8.6 using a thermostatted, home-built trough (20.0 ± 0.1ºC, 14×21 
cm). The monolayers were investigated with a Brewster Angle Microscope (NFT BAM-1) equipped with a 10 
mW He-NE laser with a beam diameter of 0.68 mm operating at 632.8 nm. The reflections were detected using a 
CCD camera. The resulting images were recorded with a video recorder (Panasonic NV-FS88) and digitalized 
with the Screen Machine software package of FAST Electronic GmbH.  
3.8.8 Atomic Force Microscopy 
Monolayers prepared according to the procedure described in Section 3.8.6 were horizontally deposited onto 
highly ordered pyrolytic graphite (HOPG) from the air-water interface using the Langmuir-Schaeffer (LS) 
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technique.[32] AFM measurements were performed with two different microscopes: the MultiMode SPM (Digital 
Instruments) and the Picospm (Molecular Imaging). The first was controlled by a Nanoscope IIIa controller. For 
contact mode operation (c-AFM) standard oxide sharpened Si3N4 tips with a nominal force constant of 0.06 N/m 
were used. Intermittant contact (ac-AFM) was performed with the standard etched silicon probes with a nominal 
force constant of 20-80 N/m and a resonance frequency of ~300 kHz. Measurements in aqueous solutions were 
performed in a droplet without using an O-ring. 
The Picospm (Molecular Imaging) was controlled by SPM1000 control electronics (RHK). Intermittant AFM 
measurements were performed using the acoustic ac-mode (molecular Imaging) and silicon probes (d-levers, 
Thermomicroscopes) with a nominal force constant of 1.3-2.2 N/m and a resonance frequency of ~100 kHz. 
3.8.9 Syntheses 
Biotinylated Polystyrene (1) 
Monocarboxy terminated polystyrene (PS-COOH, Mn = 9236, Mw/Mn = 1.03, 350 mg, 0.036 mmol), 20 mg (0.053 
mmol) of biotinyl-3,6-dioxaoctanediamine 4a and 0.06 ml of Et3N were dissolved in 15 ml of DMF. 
Subsequently, 22 mg (0.050 mmol) of (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate (BOP) was added. After stirring for 16 hrs. at room temperature under a nitrogen atmosphere 
the solution was precipitated in 600 ml of MeOH. The crude product was further purified by column 
chromatography (MeOH/CH2Cl2, 2:98 v/v); yield 142 mg (0.015 mmol; 43 %) of 1. Rf = 0.48-0.26 
(MeOH/CH2Cl2 = 5/95 v/v, UV) (PS-COOH: Rf = 0.99); 1H NMR (300 MHz, CDCl3) δ = 7.30-6.25 (CH2CHPh)x, 
6.08 (biotin-CHCHNH), 5.09 (biotin-CH2CHNH), 4.38 (biotin-CH2CHNH), 4.21 (biotin-CHCHNH), 3.50-3.00 
((CH2CHPh)CO and CH2O(CH2)2OCH2), 2.35-1.70 ((CH2CHPh)x), 1.70-1.00 ((CH2CHPh)x), 1.00-0.52 (BuH-
(CH2CH(Ph))x); 13C NMR (75 MHz, CDCl3) δ = 173.6 (CH2NHCO), 164.0 (NHCONH), 146.4-145.6 
((CH2CHPhipso)x), 128.7-127.0 ((CH2CHPhortho+meta)x), 126.0-125.2 ((CH2CHPhpara)x), 70.3-69.8 
(CH2O(CH2)2OCH2), 62.0 (biotin-CHCHNH), 60.4 (biotin-CH2CHNH), 55.6 (biotin-CHCHNH), 46.7-40.6 
((CH2CHPh)x), 40.7 ((CH2CHPh)x), 30.9 ((CH3CH2CH(CH3)-(CH2CHPh)x), 28.3 ((CH3CH2CH(CH3)-
(CH2CHPh)x), 21.0-17.0 ((CH3CH2CH(CH3)-(CH2CHPh)x), 11.4 ((CH3CH2CH(CH3)-(CH2CHPh)x); IR (KBr) cm-
1: 3434, 3083, 3061, 3027, 2924, 2851, 1943, 1871, 1803, 1710, 1679, 1602, 1584, 1494, 1453; MS (MALDI) Mn 
= 9147; GPC Mw/Mn = 1.04. 
 
N-Boc-3,6-dioxa-1,9-octaneamine (2b) 
The synthesis was based on two literature procedures.[46, 47] To a solution of 2.00 g (1.98 ml, 13.5 mmol) of 2,2'-
(ethylenedioxy)bis(ethylamine) in 20 ml dioxane was added dropwise 0.79 g (4.05 mmol) Boc-anhydride in 10 ml 
dioxane under a nitrogen atmosphere while cooling on ice. The reaction mixture was allowed to warm to room 
temperature and after 2 hrs. additional stirring the solvent was removed in vacuo. The residual oil was redissolved 
in water (25 ml) and extracted with dichloromethane (5 × 50 ml). The collected organic fractions were washed 
with brine (4 × 50 ml), dried over magnesium sulphate and evaporated under reduced pressure to give 0.80 g (3.22 
mmol, 80 % with respect to Boc-anhydride) of 2b as a slightly yellow oil. Rf = 0.28 (BAW, TDM); 1H NMR (300 
MHz, CDCl3) δ = 5.72 (s, 1H, NH), 3.62 (s, 4H, O(CH2)2O), 3.52 (m, 4H, CH2O(CH2)2OCH2), 3.28 (m, 2H, 
CH2NH), 2.87 (t, 2H, J = 5.24Hz, CH2NH2), 1.68 (br, 2H, NH2), 1.44 (s, 9H, CH3); 13C NMR (75 MHz, CDCl3) δ 
= 155.86 (1C, CO), 78.88 (1C, C(CH3)3), 72.83 (1C, OCH2CH2NH2), 70.01 (3C, OCH2CH2OCH2), 41.38 (1C, 
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CH2NH2), 40.14 (1C, CH2NH), 28.23 (3C, CH3); IR (KBr) cm-1: 3362, 2974, 2928, 2868, 1698, 1521, 1456, 1391, 
1366, 1274, 1250, 1170, 1123, 1042. 
 
N-Biotinyl-3,6-dioxaoctane-1,9-diamine (4a) 
To a solution of 12 g (12 ml, 81 mmol) of 2,2'-(ethylenedioxy)bis(ethylamine) in 100 ml acetonitrile was added 
1.05 g (2.9 mmol) of (+)-biotin 4-nitrophenyl ester. The reaction mixture was stirred for 16 hrs. at room 
temperature. The solvent was removed in vacuo and the residual oil was dissolved in diluted aqueous hydrochloric 
acid (200ml, pH 5) and extracted with ether (3 × 120 ml). The water layer was further purified by counter-current 
distribution[18] using the solvent system water-butanol (4:1 v/v). After freeze-drying of the desired fractions, the 
product 4a was obtained as a white solid (0.49 g, 46 %). Rf = 0.06 (BAW, TDM); 1H NMR (300MHz, DMSO-d6) 
δ = 7.87 (t, 1H, J = 5.42 Hz, NHCO), 6.44, 6.37 (s, 2H, (NH)2CO), 4.32 (m, 1H, biotin-CH2CHNH), 4.14 (m, 1H, 
biotin-CHCHNH), 3.52 (s, 4H, O(CH2)2O), 3.42 (t, 4H, J = 5.70Hz, CH2O(CH2)2OCH2), 3.20 (m, 2H, 
CH2NHCOCH2), 3.32 (m, 1H, biotin-SCH), 2.86 (dd, 1H, J1 = 12.42 Hz, J2 = 5.06 Hz, SCHHexo), 2.72 (t, 2H, J = 
5.70Hz, CH2NH2), 2.59 (d, 1H, J = 12.41Hz, SCHHendo), 2.08 (t, 2H, J = 7.33Hz, biotin-CH2CO), 1.89 (s, 2H, 
NH2), 1.59 (m, 2H, CH2CH2CO), 1.51 (m, 2H, CH2CH2CH2CO), 1.32 (m, 2H, SCHCH2); 13C NMR (75MHz, 
DMSO-d6) δ = 171.86 (1C, CO), 162.39(1C, biotin-CO), 70.43 (1C, CH2CH2NH2), 69.16 (2C, OCH2CH2O), 
68.78 (1C, NHCH2CH2O), 60.69, 58.84 (2C, biotin-CH), 55.07 (1C, CHS), 40.0 (1C, CH2S), 34.73 (1C, 
CH2CONH), 27.83, 27.67 (2C, SCHCH2CH2), 24.91 (1C, CH2CH2CONH); IR (KBr) cm-1: 3274, 3084, 2926, 
2871, 1693, 1647, 1556, 1461, 1428, 1402, 1116, 1050; MS (FAB, C16H30N4O4S, calcd. 374.20) m/z = 749.4 
[M2H+], 375.2 [MH+]. 
 
N-Biotinyl-3,6-dioxaoctane-1,9-diamine ammonium trifluoroacetate (4a·TFA) 
To a solution of 292 mg (0.615 mmol) of N-Boc-N’-biotinyl-3,6-dioxaoctane-1,9-diamine 4b in 5 ml CH2Cl2 was 
added 0.5 ml TFA. After stirring for 6 hrs. the solution was evaporated to dryness. The crude product 4a·TFA was 
used without further purification in the subsequent reaction. Rf = 0 (MCA, TDM). 
 
N-Boc-N’-biotinyl-3,6-dioxaoctane-1,9-diamine (4b) 
The synthesis was based on a literature procedure.[47] N-Boc-3,6-dioxa-1,9-octaneamine 2b (372 mg, 1.50 mmol) 
was dissolved in 1.5 ml of 1 M aqueous HCl and stirred for 5 min. After addition of 15 ml of 250 mM aqueous 
NaHCO3 and 15 ml of dimethoxyethane the solution was stirred for an additional 15 min. The p-nitrophenol ester 
of biotin (522 mg, 1.43 mmol) was added as a solid and the solution was stirred overnight at room temperature 
under a nitrogen atmosphere. Water (40 ml) was added and the product was extracted with ethyl acetate (6 × 100 
ml). The combined organic layers were washed with brine (2 × 75 ml), dried over magnesium sulfate, and 
evaporated to dryness under reduced pressure. The resulting crude product was further purified by column 
chromatography (MeOH/CH2Cl2, 1:9 v/v); yield 480 mg (1.01 mmol; 71 %). Rf = 0.42 (MeOH/CH2Cl2 = 1/9, 
TDM); mp 101.0-102.5ºC; 1H NMR (300MHz, CDCl3) δ = 6.60 (br, 1H, NHCO), 6.35 (br, 1H, biotin-CHCHNH), 
5.41 (br, 1H, biotin-CH2CHNH), 5.13 (br, 1H, NHCO), 4.50 (m, 1H, biotin-CH2CHNH), 4.32 (m, 1H, biotin-
CHCHNH), 3.62 (s, 4H, O(CH2)2O), 3.55 (m, 4H, CH2O(CH2)2OCH2), 3.45 (m, 2H, CH2NHbiotin), 3.33 (m, 2H, 
CH2NHboc), 3.15 (m, 1H, biotin-SCH), 2.91 (dd, 1H, J1 = 12.7 Hz, J2 = 4.7Hz, biotin-CHHexoS), 2.74 (d, 1H, J = 
12.7 Hz, biotin-CHHendoS), 2.24 (t, 2H, J = 7.2 Hz, biotin-CH2CO), 1.70 (br, 6H, biotin-CH2), 1.44 (s, 9H, CH3); 
13C NMR (75 MHz, CDCl3) δ = 173.41 (1C, CO), 164.20 (1C, biotin-CO), 155.94 (1C, COboc), 79.06 (1C, 
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CCH3), 69.95, 69.88 (4C, CH2O), 61.65, 60.06 (2C, biotin-CH), 55.59 (1C, CHS), 40.31, 40.15 (2C, CH2NH), 
38.96 (1C, CH2S), 35.78 (1C, CH2CO), 28.26 (3C, CH3), 28.15, 27.93, 25.48 (3C, CH2CH2CH2CH2CO). IR (KBr) 
cm-1: 3298, 3088, 2974, 2930, 2869, 1706, 1646, 1552, 1530, 1461, 1392, 1366, 1280, 1249, 1170, 1142, 1122. 
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Chapter 4  
Functionalized Giant Amphiphiles 
4.1 Introduction 
The giant amphiphiles described in Chapter 3 were prepared by binding of two molecules of 
monobiotinylated polystyrene 1 to the protein streptavidin (Figure 4.1). This hybrid still has 
two bindingsites left, which in principle can be used for functionalization with biotinylated 
molecules. The diversity in commercially available biotinylated fluorescent probes, nucleotides 
and enzymes makes this approach very appealing: a whole range of functional giant 
amphiphiles can be constructed without adapting the method to attach the polymer chains to 
the functional group.  
 
Figure 4.1 Schematic representation of the modular construction of functional protein-polymer hybrids. In the 
first step two polymer tails 1 are bound to streptavidin, resulting in the formation of a giant amphiphile. The 
remaining bindingsites can be functionalized in the second step. 
In this chapter the functionalization of giant amphiphiles with a biotinylated fluorescent probe 
and with the biotinylated protein ferritin is reported. In addition, catalytically active protein-
polymer hybrids prepared from horseradish peroxidase (HRP) - streptavidin conjugates are 
described. 
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4.2 Giant Amphiphiles Functionalized with a Fluorescent Probe 
To investigate the possible functionalization of giant amphiphiles with other biotinylated 
molecules, it was decided in a first approach to use fluorescent probes.[1] This allows the 
visualization of the protein-hybrid amphiphiles with the help of contact mode AFM (c-AFM) 
combined with scanning fluorescent microscopy (SCM) as described in Section 3.6.3. 
Monolayers of the giant amphiphiles were prepared as described in the previous chapter, using 
rhodamine Red-X labeled streptavidin which was injected in the subphase before spreading the 
biotinylated polystyrene 1. The amount of spread polymer was adjusted such that a surface 
pressure of 10 mN/m was obtained without compression, thereby minimizing the formation of 
multilayers. After incubation the layer was horizontally deposited onto hydrophobic glass and 
dried, to allow epifluorescence measurements through the substrate while examining the 
sample on top by AFM. 
 
To confirm that the pair of binding sites of streptavidin opposite to those occupied by the 
polymer chains was still available for binding, the samples were incubated in a solution of 
fluorescein-labeled biotin (Figure 4.2). After a few minutes the samples were thoroughly rinsed 
to remove non-specifically adsorbed fluorescein biotin molecules, and allowed to dry. Separate 
detection of the fluorescein and the rhodamine Red-X fluorescence was accomplished by 
switching the excitation light between 488 nm (mainly excitation of fluorescein, Figure 4.3a) 
a 
 
 b  c 
 
d  e  f  g
 
Figure 4.2 a) Schematic representation of monolayers of hybrids of polystyrene and rhodamine Red-X (X) labeled 
streptavidin incubated with fluorescein (F) labeled biotin deposited on hydrophobic glass; b) ac-AFM typography 
image (image size 40×40 µm2); c) idem, higher magnification (image size 20×20 µm2); d) fluorescence image of 
the same area (λex = 543 nm, λem = 600 nm, image size 50×50 µm2); e) idem, higher magnification (image size 
20×20 µm2); f) fluorescence image of the same area (λex = 488 nm, λem = 520 nm); g) idem, higher magnification. 
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and 543 nm (excitation of Red-X only) and using two different emission detectors (around 520 
for the detection of fluorescein and around 600 nm for rhodamine Red-X). 
The intermittent contact mode AFM (ac-AFM, also known as ‘tapping’ mode) measurements 
showed large domains with typical defects (Figure 4.2bc) that were found to originate from the 
extensive rinsing as confirmed by control experiments. The observed monolayer height was 
consistent with previous findings (~10 nm), but the background showed an increased 
roughness of several nanometers. Imaging of the rhodamine Red-X labeled streptavidin 
emission of the same area revealed that not only the monolayer domains but also the 
background displayed significant fluorescence (Figure 4.2de). The monolayer itself showed 
cracks (no emission) and overlapping parts (double emission), exactly matching the AFM 
topography images. Measurements of the fluorescein biotin emission in the same area revealed 
fluorescence of the patches and only a minor background fluorescence (Figure 4.2fg). This can 
be explained by assuming that denatured (fluorescent) streptavidina is present in the 
background (also indicated by the observed increased roughness in the AFM measurements) 
which is not capable of binding fluorescein biotin in contrast to the intact streptavidin on top of 
the patches. The bright lines due to overlapping patches in Figure 4.2fg have a reduced contrast 
compared to those in the images of the rhodamine Red-X labeled streptavidin (Figure 4.2de), 
due to the fact that only the top layer of the overlapping patches is able to bind biotin. 
The overlapping of the emission band of fluorescein with the excitation band of rhodamine 
                                                 
a Denaturated proteins are often unfolded, exposing their hydrophilic and hydrophobic parts to the surroundings, 
which enhances physical adsorption. 
a    b 
Figure 4.3 a) Normalized bulk excitation and emission spectra of fluorescein (–○– excitation, –●– emission) and 
of rhodamine Red-X (–□– excitation, –■– emission). The vertical lines indicate the excitation wavelengths used; 
b) Emission spectrum of a similar patch as shown in Figure 4.2b (λex = 488 nm, –▲–). The bulk emission spectra 
of fluorescein (–●–) and rhodamine Red-X ( –■–) are displayed as references. 
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Red-X, makes in principle energy transfer between the two labels possible. Therefore, an 
experiment was performed in which a small spot (Ø = 350 nm) of a monolayer patch was 
treated with laser light of 488 nm, resulting in the excitation of mainly fluorescein and only 
partially of rhodamine Red-X (Figure 4.3a). The spectrum of the recorded emission clearly 
showed the signature of the rhodamine dye with a small shoulder in the emission region of 
fluorescein (Figure 4.3b). This indicates that energy transfer indeed is possible between the two 
dyes used. 
4.3 Ferritin Functionalized Giant Amphiphiles 
In order to demonstrate the further functionalization of the giant amphiphiles via the remaining 
free binding sites of streptavidin, conjugates with biotinylated ferritin were prepared. This 460 
kD protein is used in nature to store iron in its cage-like structure (inner diameter 8 nm, outer 
diameter 12 nm, see also Section 2.3.7).[2] The high electron density of the iron core ensures a 
high contrast in transmission electron microscopy (TEM), making the protein very suitable for 
labeling purposes.  
 
To obtain ferritin functionalized giant-amphiphiles a solution of biotinylated polystyrene 1 in 
chloroform was spread on the air-water interface of the Langmuir trough (Figure 4.4). After the 
volatile solvent had evaporated, streptavidin was injected in the subphase. An amount of 0.5 
equivalents with respect to 1 was used in order to avoid the formation of giant amphiphiles 
with only one instead of two polystyrene chains. The system was incubated for one hour after 
which the subphase was replaced with the help of a peristaltic pump to remove any possible 
a  b
 
 c 
 
d  e  f
 
 g
Figure 4.4 Construction of ferritin-streptavidin-polystyrene conjugates: (a) spreading of biotinylated polystyrene 
1; (b) injection of streptavidin; (c) exchange of the subphase; (d) injection of biotinylated ferritin; (e) exchange of 
the subphase; (f) compression; (g) resulting monolayer. 
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free streptavidin.a The monolayer of giant amphiphiles is not affected by this procedure, as was 
verified in a separate experiment. Commercially available biotinylated ferritin (on average 6 
biotin groups per protein, 0.5 equivalents protein with respect to 1) was injected in the 
subphase. After incubation for one hour the subphase was replaced and subsequently the 
resulting biohybrids were compressed to obtain a dense film. 
The obtained surface pressure-surface area isotherm of the ferritin-streptavidin-polystyrene 
conjugates showed a large increase in the molecular area per polymer chain, viz. from 12 to 63 
nm2 with respect to the unfunctionalized giant amphiphiles (Figure 4.5a). Assuming that two 
biotinylated polystyrene chains are bound per streptavidin molecule, a molecular area of 126 
nm2 can be calculated for the ferritin functionalized amphiphilic complex. This value agrees 
well with the one reported for the cross-sectional area of ferritin, viz. 133 nm2.[5] 
The behavior of a monolayer of the ferritin-streptavidin-polystyrene conjugates under lateral 
compression was also monitored by transmission electron microscopy (TEM). At various 
points along the isotherm trajectory the monolayer was horizontally deposited (Langmuir-
Schaeffer technique)[6] from the air-water interface onto an electron microscope grid. In the 
TEM images the individual biohybrids were visible as black dots, due to the electron 
dispersing iron oxide core of the ferritin protein. At large molecular areas (low surface 
pressure) the conjugates were arranged in small clusters, whereas at small molecular areas 
(high surface pressure) the hybrids formed a uniform dense film (Figure 4.5bc). This is in good 
agreement with the earlier discussed AFM measurements on the giant amphiphile films, which 
showed that individual small patches are being brought in close vicinity of each other upon 
compression (see Section 3.6.2). By determining the number of dots per imaged area, the 
molecular area per ferritin-functionalized giant amphiphile can be calculated. During the 
compression the average area per hybrid decreases from 865 to 118 nm2 (Figure 4.5bc). The 
latter value corresponds well to that of the above mentioned molecular value deduced from the 
isotherm (126 nm2). 
                                                 
a The amount of bound streptavidin is expected to be 70-100% according to monolayer studies. A more precise 
estimation is not possible due to differences in the literature values for the surface area of streptavidin (see Section 
3.5).[3, 4] 
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Figure 4.5 (a) Surface pressure/surface area isotherms of biotinylated polystyrene 5 recorded on a subphase 
without protein (– –); idem for a subphase containing streptavidin (–––) and a subphase containing streptavidin 
and biotinylated ferritin (· – · –). (b,c) TEM images of an expanded (b, Π = 0 mN·m-1) and a compressed (c, Π = 
25 mN·m-1) ferritin-streptavidin-polystyrene monolayer after deposition onto an electron microscope grid (bars = 
100 nm). 
4.4 Horseradish Peroxidase Functionalized Protein-Polymer Hybrids 
The ability to functionalize giant amphiphiles with other proteins as described in the above 
section, was exploited further to obtain catalytically active protein-polymer hybrids. We 
decided to use the enzyme horseradish peroxidase isozyme C (HRP, EC 1.11.1.7, 44 kD, 
Figure 4.6), which can oxidize a variety of substrates in a three-step cyclic reaction (Scheme 
4.1): the enzyme is first oxidized by hydrogen peroxide and then reduced in two sequential 
one-electron transfer steps by reducing substrate molecules (RH2).[7] 
 
 
FeIV
O
FeIII
FeIV
O
H2O2 H2O
RH2
RH• + H+H+ + RH2
RH• + H2O
 
Figure 4.6 X-ray structure of HRP.[8]  Scheme 4.1 Catalytic reaction cycle of HRP.[7] 
Commercially available covalent horseradish peroxidase-streptavidin (1/1) conjugates were 
used to prepare monolayer films of HRP-functionalized protein-polymer hybrids via a similar 
procedure as described for ferritin (Section 4.3). The catalytic activity of the conjugates was 
assessed using the standard ABTS/H2O2 assay.[9] In this test ABTS (2,2'-azino-bis[3-
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ethylbenzothiazoline-6-sulfonic acid], 7 in Scheme 4.2) is oxidized by the enzyme to ABTS•+ 
8, which gives rise to an intense green color (λmax = 420 nm). To this end hydrogen peroxide 
and ABTS were injected in the subphase underneath a partly compressed monolayer (Π  = 7 
mN·m-1). The reaction was followed in time by circulating the subphase through a UV flow-
cell (Figure 4.7). The increase in absorption at 420 nm due to the formation of ABTS•+ 8 was 
constant in time (Figure 4.8), indicating a constant reaction rate. That the oxidation reaction 
occurred at the monolayer of HRP-streptavidin-polystyrene hybrids and not in the subphase, 
was concluded from the fact that the slope of the curve immediately leveled off when the 
circulation through the cell was stopped. If HRP had been present in the aqueous phase, it 
would have given rise to an increase in UV absorption even after the circulation of the 
subphase had stopped. 
 
 
 
Figure 4.7 Schematic representation of the setup used to measure 
the catalytic activity of the HRP functionalized giant amphiphiles. 
 Scheme 4.2 Oxidation of ABTS 7 by HRP. 
Compressing metal catalysts in a Langmuir-Blodgett film can have a positive influence on the 
catalytic activity and substrate selectivity as has been reported for amphiphilic hydrogenation 
catalysts.[10] For this reason we decided to investigate the dependence of the catalytic activity 
of horseradish peroxidase on the applied surface pressure.a During the above described 
experiment the film of HRP functionalized giant amphiphiles was compressed in several 
sequential events until a surface pressure of 33 mN·m-1 was reached (Figure 4.8). The slope of 
the activity plot proved to be independent of the applied surface pressure, indicating that the 
catalytic activity of the enzyme is not influenced by lateral pressure in the range measured (Π  
= 7-33 mN·m-1). 
                                                 
a The molecular area of the HRP functionalized giant amphiphiles is larger than that of the unfunctionalized giant 
amphiphiles as determined from the corresponding isotherms, indicating that compression also influences the 
packing of the HRP molecules in the monolayer. 
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Figure 4.8 UV-absorption at 420 nm of the subphase (top) and the surface pressure of the monolayer (bottom) as 
a function of time for the HRP-streptavidin-polystyrene hybrid system. The arrows indicate when the circulation 
through the UV cell was switched on or off. 
4.5 Conclusions 
Polystyrene-streptavidin hybrids can be exploited to obtain functional giant amphiphiles via the 
binding of biotinylated molecules to the remaining free binding sites of the protein, as was 
shown for biotinylated fluorescein and biotinylated ferritin. The giant amphiphiles can also be 
functionalized with enzymes as was shown by using horse radish peroxidase. The resulting 
hybrids retain their catalytic activity. By changing the structure of the giant amphiphiles it is in 
principle possible to tune the aggregate morphology opening the way for many interesting 
applications, particularly in the field of catalysis.  
4.6 Experimental Section 
4.6.1 Chemicals 
2,2'-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) and tris(hydroxymethyl)amino-
methane hydrochloride buffer (pH 7.0) (Tris) were obtained from Fluka. Biotinylated fluorescein, streptavidin, 
biotinamidocaproyl labeled ferritin and streptavidin-peroxidase conjugate were purchased from Sigma. The 
streptavidin rhodamine Red-X conjugate was obtained from Molecular Probes. Formvar and carbon-coated 
electron microscope grids were prepared by an in house developed procedure or commercially obtained from 
Electron Microscope Sciences. UV/vis spectra were measured on a Varian Cary 50 Conc spectrometer. 
4.6.2 Monolayer Experiments 
The biotinylated polymer 1 was spread from a chloroform solution (typically 1×10-4 M) on the air-water interface 
of a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). A buffer (Tris, pH 7.0) or 
ultrapure water was used as subphase. After 15 min. 0.5 mol. equiv. of a streptavidin buffered aqueous solution 
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(typically 1×10-5 M) was injected into the subphase and after an additional hour compression was started (0.7 cm2 
min-1). 
Ferritin functionalized giant amphiphiles were constructed in a similar way as described above. After the injection 
of streptavidin and after incubation, the subphase was replaced by a similar volume (~100 ml) of ultrapure water 
using a peristaltic pump (Watson Marlow 503S equipped with 5 tubings, circulation speed 150 ml/h). Biotinylated 
ferritin (0.5 equiv. with respect to the biotinylated polymer) in a buffered solution (typically 1×10-5 M) was 
injected in the subphase. The subphase was circulated for 30 min. to allow optimal binding of ferritin to 
streptavidin and then replaced as described above. Subsequently the layer was compressed. 
Horseradish peroxidase functionalized biohybrids were prepared by using covalent peroxidase-streptavidin (1/1) 
conjugates (3.2×10-6 M in a tris buffered solution, pH 7) instead of native streptavidin. During the incubation 
period (40 min) the subphase was circulated (150 ml/h). Here after, the subphase was replaced and the top layer of 
the subphase at the outer sides of the barriers was removed to prevent contamination by any (denaturated) HRP 
present at the air-water interface. 
4.6.3 Combined AFM and Confocal Fluorescence Microscopy Studies 
Transparent hydrophobic glass substrates were prepared by incubating a thoroughly cleaned glass coverslip in a 
1% dimethyldichloro-silane solution in chloroform for 10 min. The slide was subsequently coated with a 
ZEONEX film by spincoating from a chloroform solution (1.6 mg/ml), resulting in a transparent and very smooth 
(roughness 0.2 nm peak-to-peak) substrate. Monolayers of giant amphiphiles were prepared in a similar way as 
described in Section 3.8.6, with the modification that a petri-dish was used in stead of a trough and the 
streptavidin was already added to the subphase before spreading the polymer. The volume of the spreading 
solution used was calculated to give the desired surface pressure without compression, which was verified with a 
Wilhemy balance. The monolayers were horizontally deposited onto the substrate by the Langmuir-Schaeffer (LS) 
technique[6] and allowed to dry. In the case of the binding experiments, 20 µl of a solution of biotinylated 
fluorescein (0.5 mg/ml) in PBS buffer was added to the completely wetted sample before drying. After incubating 
for 10 min. the samples were thoroughly rinsed and allowed to dry. 
Measurements were performed with a Lumina (Thermomicroscopes) AFM on top of an inverted optical 
microscope (Nikon Diaphot 200). The transparent sample was mounted on the microscope platform which acted 
as a scanning stage. The surface of the sample can be investigated by AFM while the microscope objective 
underneath the sample is used to excite and collect the fluorescence light (epifluorescence mode). As excitation 
light sources a water cooled Ar-ion (488 nm) and a green HeNe laser (543 nm) were used. Appropriate mirrors 
and filters were used to collect the 520 (± 10) nm emission on one detector (ADP, SPCM-AQ-151, EG&G) and 
the emission of 600 (± 10) on the other. For c-AFM operation premounted Si3N4 probes (Thermomicroscopes) 
with a nominal force constant of 0.021 N/m were used. Measurements of ac-AFM were performed with 
premounted silicon probes (Thermomicroscopes) with a nominal force constant of 42 N/m and a resonance 
frequency of ~300 kHz. AFM scanning was performed with minimal interaction and a typical scan frequency of 1-
2 Hz. The images were analyzed and processed using the standard software supplied with the control electronics. 
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4.6.4 Electron Microscopy Experiments 
Monolayers of ferritin-streptavidin-polystyrene conjugates were prepared as described in Section 3.8.6. The layers 
were horizontally deposited onto a formvar coated electron microscope grid by the Langmuir-Schaeffer (LS) 
technique[6] and allowed to dry. TEM images of the samples were obtained without staining using a JEOL JEM-
1010 microscope (60kV) equipped with a CCD camera. 
4.6.5 Activity Measurements of Horseradish Peroxidase functionalized Giant Amphiphiles 
Monolayers of HRP-streptavidin-polystyrene conjugates were prepared as described in Section 3.8.6, yielding 
6×10-10 mole of biohybrids assuming 2 polymer tails for every HRP-streptavidin conjugate. ABTS (21.5 ml, 1 
mg/ml buffer) and hydrogen peroxide (2.3 ml, 0.07% solution in ultrapure water) were subsequently injected 
underneath a partly compressed subphase (7 mN m-1). The activity of the enzyme was determined by recording the 
extinction of the oxidized ABTS product at λmax = 420 nm, while circulating the subphase through a UV flow-cell 
with the help of a peristaltic pump (Watson Marlow 503S equipped with 5 tubings, circulation speed 150 ml/h). A 
blank reaction was performed using only ABTS and hydrogen peroxide. 
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Chapter 5  
Giant Amphiphiles Based on Bisbiotinylated 
Polystyrene 
5.1 Introduction 
The binding sites of the homotetrameric proteins avidin and streptavidin are arranged in pairs 
at opposite sides on the protein surface. Complexation of biotinylated compounds to these 
proteins, therefore, can lead to various complexes which differ in topological arrangement 
and/or the number of bound molecules (Figure 5.1a). During the construction of giant 
amphiphiles from streptavidin and monobiotinylated polymers as described in Chapter 3, a 
similar distribution of topologically different conjugates can be expected. The most interesting 
amphiphilic properties will be displayed by the conjugate bearing two polymers at one side of 
the protein (Figure 5.1a). The isolation of this conjugate from the other complexes was not 
successful so far, due to the fact that there is not a common solvent for both the polymer and 
the protein part of the amphiphiles. The expected small differences in physical properties and 
the occurrence of different complexes with the same molecular weight will further hinder the 
separation attempts.  
This chapter[1] describes the synthesis of bisbiotinylated polystyrene compound 1 (Figure 5.3) 
of which the length of the spacer between the two biotin groups is adjusted to precisely span 
the distance between the two binding sites that are situated at the same face of the streptavidin 
molecule. Therefore, only two different complexes with a protein-polymer ratio of respectively 
1:1 and 1:2 will be formed upon binding of the polymer to streptavidin (Figure 5.1b) instead of 
the six possible complexes in the case of monobiotinylated polystyrene. The 1:1 complex is 
expected to behave as an amphiphile, whereas the 2:1 complex probably will act as a kind of 
latex particle due to the encapsulation of the protein by the polymer chains. The reduced 
number of species and the larger difference in mass and physical properties, when compared to 
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the conjugates formed from monobiotinylated polystyrene, will facilitate the separation of the 
different complexes.  
a
 
    b 
Figure 5.1 Schematic representation of the possible protein-polymer hybrids when using monobiotinylated (a) 
and bisbiotinylated (b) polymers. The desired giant amphiphiles are shown in boxes. 
As stated above the distance between the two biotin groups of the polymer should be sufficient 
to span the distance between the binding sites that are situated at the same face of streptavidin 
(1.9 nm),[2, 3] but short enough to prevent binding to sites at opposite faces (<6.0 nm) or on 
different proteins. The latter would lead to the cross-linking of streptavidin molecules. 
 
The first studies of the self-assembly of avidin and streptavidin were performed by Green et 
al., who synthesized a series of aliphatic bisbiotin ligands which were used to interlink these 
protein molecules.[4-6] From experiments with avidin it was observed that ligands in which the 
distance between the biotin carbonyl carbon atoms was smaller than 1.5 nm, bind to the protein 
with only one of the two biotin groups (entry 1 in Figure 5.2). Distances between the carbonyl 
groups of 1.5 to 2.0 nm resulted in the ligand acting as crosslinker between individual proteins, 
while carbonyl-carbonyl distances of more than 2.3 nm led to intramolecular binding of the 
ligand. Streptavidin, in contrast to avidin, revealed a strong tendency for intramolecular 
binding when ligands with carbonyl-carbonyl distances of 1.3 - 1.8 nm were used (entry 2 in 
Figure 5.2). Interlinking of the protein was only observed with ligands that had a carbonyl-
carbonyl distance of 3.1 nm or larger. The occurrence of intramolecular vs. intermolecular 
binding is, apart from the distance between the biotin groups, also dependent on the structural 
properties of the ligand. This was illustrated by Taylor et al. who used biotin molecules linked 
by rigid aromatic spacers of 1.2 - 2.7 nm in length which were capable of polymerizing avidin, 
while streptavidin was only found to polymerize when a spacer of 1.5 nm was used (entry 3 
and 4 in Figure 5.2 respectively).[7-10] 
The difference in the required biotin-biotin distance for the interlinking of avidin and 
streptavidin is explained by some small differences in the properties of the two proteins.[6, 7, 11] 
The former has a deeper binding site than the latter and, therefore, needs a longer spacer for 
intramolecular binding. Furthermore, there is a difference in the local topography at the 
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entrance to the binding sites of the proteins, resulting in differences in steric repulsions 
between the protein surface and the ligand. 
 
Figure 5.2 Overview of the dependence of the bisbiotin binding mode upon the type of protein (avidin (Av) or 
streptavidin (SAv)) and upon the type and length of the spacer.[4-10] 
Taking into account the above described influence of the spacer length and the spacer 
flexibility on the binding properties, it was decided to synthesize bisbiotinylated polymer 1 
(Figure 5.3). The distance between the biotin carbonyl carbon atoms in this compound is 
approximately 2.7 nm,a which should be sufficient to span the two binding sites at one face of 
streptavidin (1.9 nm)[2, 3] and short enough (<3.1 nm) to prevent interlinking of the protein by 
intermolecular bridging[6] and to prevent complexation to binding sites at opposite sides of the 
protein. 
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Figure 5.3 Bisbiotinylated polystyrene 1, which has a biotin carbonyl-carbonyl distance of 2.7 nm. 
                                                 
a Estimated using a computer generated model of 1. 
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5.2 Synthesis of Bisbiotinylated Polystyrene 
The presence of biotin moieties in most cases leads to a drastic increase in the polarity of the 
compound and a tendency to form aggregates. This hampers the purification of such 
compounds as was encountered during the synthesis of monobiotinylated polystyrene, as 
described in Chapter 3. To circumvent this problem in the synthesis of bisbiotinylated 
polystyrene 1, it was decided to start the synthetic route from the polystyrene end of the desired 
molecule. In this way the hydrophobic nature of the desired products, that are formed in every 
step, will be ensured. 
Monocarboxylic acid functionalized polystyrene 2 (Mn = 9147, Mw/Mn = 1.08) was converted 
into the corresponding acid chloride by treatment with oxalyl chloride in dichloromethane 
(Scheme 5.1). After evaporation of the solvent and the excess of reagent, the crude product was 
redissolved in dichloromethane. Dropwise addition of the toluene-4-sulfonate salt of L-
glutamic acid dibenzyl ester in dichloromethane using triethylamine as a base, resulted in the 
formation of the L-glutamic acid dibenzyl ester endcapped polystyrene 3. Purification was 
accomplished by precipitation in methanol followed by column chromatography 
(MeOH/CH2Cl2, 0.5:99.5 v/v) after which the desired product was isolated in 36 % yield. 
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Scheme 5.1 Attempted synthesis of bisbiotinylated polystyrene 1 using monocarboxylated polystyrene 2 as 
starting material. Reagents and conditions: i) oxalyl chloride, CH2Cl2, 1h; ii) toluene-4-sulfonate salt of L-
glutamic acid dibenzyl ester, Et3N, CH2Cl2, 3h; iii) see Table 5.1. 
Several attempts were made to deprotect the benzyl groups of 3 which would yield polymer 4 
(Scheme 5.1, Table 5.1). Catalytic hydrogenation using Pd/C in an 0.5 % acetic acid/THF 
solution with and without applied pressure did not lead to any conversion. Deprotection under 
basic and acidic conditions, and using boron tribromide[12] neither resulted in the formation of 
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the desired product 4. In all 
cases the starting material 3 
was recovered after the 
attempted reaction. The reason 
for this unsuccessful 
deprotection most likely is the 
shielding of the reactive 
centers by the polystyrene 
chains. 
Due to the problems encountered with the deprotection of polymer 3 it was decided to 
synthesize the desired bisbiotinylated polystyrene 4 by using N-[(benzyloxy)carbonyl]-L-
glutamic acid 5 as the starting compound (Scheme 5.2). This compound was reacted with two 
equivalents of N-Boc-1,6-diaminohexane hydrochloride 6 in THF using diethylphosphonium 
cyanide (DEPC) as a coupling reagent and triethylamine as a base. The desired product 7 was 
isolated in 50 % yield. The Boc protecting groups were removed by stirring in pure TFA and 
the resulting compound was precipitated in diethyl ether. Subsequent reaction with the p-
nitrophenol activated ester of biotin in DMF using triethylamine as a base, followed by several 
washing and precipitation steps resulted in the Z-protected bisbiotinylated L-glutamic acid 8 in 
71 % yield. 
Removal of the benzyloxycarbonyl group of 8 by the commonly used Pd/C hydrogenation 
method appeared to be unsuccessful, most likely due to poisoning of the catalyst by the 
coordination of the sulfur atoms of the biotin groups to the metal.a Therefore, the deprotection 
of 8 was performed by using 15 % HBr in acetic acid as the reagent. The resulting crude 
product was coupled to polystyrene monocarboxylate (Mn = 9700, Mw/Mn = 1.08) in DMF 
using (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) as a 
coupling reagent and triethylamine as base. The desired bisbiotinylated polystyrene 1 (Mn = 
10200, Mw/Mn = 1.08) was obtained in 10 % yield after purification by precipitation in 
methanol followed by column chromatography (MeOH/CHCl3, 5:95 v/v). 
                                                 
a A similar compound without sulfur containing groups could be succesfully deprotected by hydrogenation as 
described in Section 7.2. 
Table 5.1 Conditions used in the attempts to deprotect polymer 3 
(Scheme 5.1). 
Entry Reagent Solvent 
Temperature, 
Pressure 
Time 
1 H2, Pd/C 0.5% AcOH/THF r.t., 1 atm. 30min 
2 H2, Pd/C 0.5% AcOH/THF r.t., 50 bar 1d 
3 NaOH (0.1M) THF/H2O reflux 3d 
4 NaOH (1M) THF/H2O reflux 7d 
5 33% HBr/AcOH  r.t. 4d 
6 5% TFA/Toluene  r.t. 2d 
7 BBr3 (1M) CH2Cl2 r.t. 4d 
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Scheme 5.2 Synthesis of bisbiotinylated polystyrene 1. Reagents and conditions: i) DEPC, Et3N, THF, 16h; ii) 
TFA, 2h; iii) biotin p-nitrophenol ester, DMF, 16h; iv) 15% HBr/AcOH, 16h; v) PS90-COOH, BOP, DMF, 48h. 
Gel permeation chromatography (GPC, Figure 5.4) revealed that 1 had a strong tendency to 
physically adsorb to the GPC column when chloroform and THF were used as eluent. In both 
solvents polymer 1 displayed longer retention time than the shorter polystyrene 
monocarboxylate 2. Furthermore, the chromatogram of 1 showed significant tailing as 
compared to the corresponding carboxylate 2. These effects were less pronounced if THF 
instead of chloroform was used, probably because the coordinating properties of the former 
solvent are stronger. 
a
 
  b
Figure 5.4 GPC chromatographs of polystyrene monocarboxylate 2 (· · ·) and bisbiotinylated polystyrene 1 (–––) 
in chloroform (a) and THF (b). The signals appearing after 9 minutes are due to the eluent. 
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5.3 Monolayers at the Air-Water Interface 
Amphiphilic protein-polymer hybrids from 1 and streptavidin were prepared by making use of 
a Langmuir trough. The process was monitored by recording the pressure-area isotherms 
before and after binding of streptavidin to 1 (see also Section 3.5). 
The surface pressure-surface area isotherm of bisbiotinylated polystyrene 1 showed a lift-off 
area of 5.3 nm2 and a molecular area of 4.6 nm2 in the absence of streptavidin (Figure 5.5). 
These values are higher than those measured for the monobiotinylated polystyrene described in 
Chapter 3 (5.2 and 3.9 nm2, respectively), which can be explained by the increase in headgroup 
volume of 1 (0.61 nm3 compared to 0.28 nm3 for monobiotinylated polystyrene).a In the 
presence of active streptavidin (1 equivalent) a drastic increase in the molecular area per 
bisbiotinylated macromolecule was observed (to 23.5 nm2), which agrees well with the 
molecular area of 23.5-35.7 nm2 reported for streptavidin in the literature.[13, 14] The use of an 
excess of active streptavidin did not lead to further changes in the isotherm of 1. The isotherm 
of 1 recorded on a sub-phase containing deactivated streptavidin (Figure 5.5) showed relatively 
small differences from the isotherm of 1 on buffer. This difference can be ascribed to 
unspecific binding of the protein.[15] This 
confirms that the increase in area is largely due 
to specific binding of the protein to the 
biotinylated polymer. 
The molecular area of 24.0 nm2 per giant 
amphiphile found for hybrids composed of 
streptavidin and two monobiotinylated 
polystyrene chains (see Chapter 3, is almost 
equal to that measured for the hybrid based on 
streptavidin and to one bisbiotinylated polymer 
chain (23.5 nm2). This suggests that the 
molecular areas of the giant amphiphiles are 
mainly determined by the size of streptavidin 
and not by the polymer chains. 
                                                 
a Estimated with the help of a computer generated molecular model. 
 
Figure 5.5 Surface pressure/surface area isotherms 
of bisbiotinylated polystyrene 1 recorded on a 
subphase without protein (– –), a subphase 
containing streptavidin (–––), and a subphase 
containing deactivated streptavidin (· · ·). 
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5.4 Aggregation Behavior in Aqueous Solutions 
A convenient way to obtain well defined aggregates from amphiphilic molecules, is to use a 
common solvent in which both the hydrophobic and the hydrophilic part dissolve. Subsequent 
addition of a solvent which selectively dissolves one part of the molecule will lead to the 
desired aggregation. Unfortunately, a common solvent for both streptavidin and polystyrene 1 
in which the protein does not denaturate, could not be found. Therefore, several approaches to 
obtain three dimensional aggregates in aqueous solutions were followed. These are described 
in the following sections. 
5.4.1 Swelling of Multilayer Films 
With the help of a Langmuir trough monolayers and multilayers of well-defined protein-
polymer hybrids can be constructed, as described in Section 3.5. It should be possible to swell 
these multilayers into three dimensional aggregates analogous to the spontaneous swelling of 
dry lipid films of low molecular weight amphiphiles into vesicles.[16]  
This approach was first tested using giant amphiphiles composed of monobiotinylated 
polystyrene and streptavidin (described in Chapter 3). Multilayers were deposited on a glass 
substrate by repeated vertical dipping of the substrate through a monolayer of this giant 
amphiphile in the Langmuir trough. Subsequently, a droplet of water which was supposed to 
act as the swelling medium was deposited on top of the multilayer. The system was stored in a 
closed compartment containing a water saturated atmosphere at 20°C or 40°C for a week. At 
regular intervals a sample of the droplet was taken for inspection by TEM. However, in neither 
case aggregates were observed, indicating that the multilayers are probably to rigid to be 
transformed into three dimensional aggregates. 
The swelling of lipid films into (giant) vesicles in some cases can be induced by an 
(oscillating) electric field, the so-called electroformation method.[17-20] This approach was tried 
for the giant amphiphiles derived from bisbiotinylated polystyrene 1. Multilayers of the latter 
compound were deposited on two parallel platinum electrodes by repeated vertical dipping of 
these electrodes into a Langmuir monolayer. The electrodes were subsequently immerged in 
water and an alternating potential (0-10 V, 0.1-30 Hz) was applied, while the temperature was 
maintained at 20, 40, 60 or 90°C. The whole process was monitored with the help of a light 
microscope, but in non of the cases the formation of giant vesicles was observed.a  
                                                 
a In a separate experiment it was checked that electroformation experiments using cholesterol as a lipid did yield 
giant vesicles. 
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5.4.2 Aggregation using Toluene-Water Mixtures 
The conformational flexibility of bisbiotinylated polystyrene 1 in water can be expected to be 
very low. This will have a negative impact on the formation of well defined giant amphiphiles 
and their corresponding aggregates. Therefore, it was tried to use a toluene-water mixture (1:6 
v/v) for the construction of the giant amphiphiles. In the former solvent the polymer was 
dissolved giving it the desired flexibility, while in the latter streptavidin was dissolved in order 
to maintain its structural integrity. The binding between the two molecules was intended to 
take place at the interface of the two solvents. After stirring for 16 hours all the toluene was 
evaporated and only the water in the original mixture remained. Electron microscopy studies 
on the residue revealed only poorly defined aggregates with sizes up to 1 µm (not shown). 
Therefore, this procedure was not further investigated. 
5.4.3 Aggregation by Sonication 
In order to obtain the desired aggregates of bisbiotinylated polystyrene 1 and streptavidin in 
aqueous solution, a THF solution of the polymer was first injected in water of 60 ºC while 
sonicating. The elevated temperature and the sonication conditions were hoped to improve the 
mobility of the polystyrene chains in water, thereby facilitating the formation of the aggregates. 
After injection the dispersion was heated and sonicated for 30 minutes in order to remove all 
THF (initial concentration 3 %). Electron microscopy studies revealed the formation of 
spherical structures from 1 (100-200 nm in diameter), which were frequently present as clusters 
(Figure 5.6a). These structures can not be micellar in nature (Figure 5.6b), since their diameters 
were more than double the length of an individual polymer 1 in an extended conformation (~25 
nm). Therefore, it is more likely that they have a vesicular architecture or consist of a sphere of 
non-ordered polymers and a corona in which the hydrophilic biotin groups of the polymers are 
a 
 
   b   c   d
Figure 5.6 a) Transmission electron micrographs of aggregates of 1 formed by dispersion in water (platinum 
shadowing technique, bar = 2 µm). b-d) Schematic representations of 1 aggregated into a micelle (b), into a 
vesicle (c) and into a polymer sphere of which the shell is organized (d). 
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oriented towards the water (Figure 5.6cd). No attempts were made to functionalize these 
aggregates with streptavidin, because another method gave better results (see next section). 
5.4.4 Aggregation by the Slow Addition of Water 
Bisbiotinylated polystyrene 1 can be considered as an amphiphile itself, in which the 
bisbiotinylated glutamic acid part acts as the polar headgroup and the polystyrene chain as the 
apolar tail. Organic solvents such as DMF, dioxane and THF can act as common solvent for 
both parts. Aggregation will occur if water is added beyond the critical concentration, which 
for homopolystyrene (Mw ~ 20 kD) can be as low as 4, 9 and 16% in DMF, dioxane and THF, 
respectively, as reported in the literature.[21] Due to the high glass transition temperature of 
polystyrene (~90 ºC), the polymer will quickly lose its flexibility at water concentrations above 
the critical concentration and, therefore, the aggregates that are formed can be considered as 
kinetically trapped.[22] 
 
Water was slowly added to organic solutions of bisbiotinylated polystyrene 1 in DMF, dioxane, 
or THF by making use of a peristaltic pump. After the water content had reached 50 %, the 
dispersions were dialyzed against pure water.  
The use of dioxane as the organic solvent resulted in the formation of spherical and fiber-like 
aggregates from bisbiotinylated polystyrene 1 as was observed by TEM (Figure 5.7ab). The 
diameters and widths of the assemblies were in the range of 100-150 nm and 200-400 nm, 
respectively. Most likely, both types of structures consist of a core of non-ordered polymers 
with an corona in which the biotin groups of the polymer are oriented towards the water phase 
as depicted in Figure 5.6d. When DMF was used as the organic solvent, only small spherical 
aggregates with a diameter of ~50 nm were found (Figure 5.7c). No attempts were made to 
functionalize the aggregates with streptavidin. 
a
 
  b     c 
Figure 5.7 Transmission electron micrographs of polymer 1 in 50% water/dioxane (a, b) and in 50% water/DMF 
(c). In (a) spherical aggregates are visible (bar = 1 µm); the inset shows a higher magnification of a similar 
sample visualized by the platinum shadowing technique. In (b) rod-like aggregates are present (bar = 1 µm) and 
in (c) spherical aggregates (platinum shadowing technique, bar = 1 µm). 
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In THF/water mixtures (1:1, v/v) polymer 1 formed fibers as well as spherical objects with 
diameters of 15-25 and 200-750 nm, respectively (Figure 5.8abce); the latter were determined 
by dynamic light scattering (DLS). The formation of the fibers appears to be induced by a 
combination of an evaporation effect and the interaction with the carbon surface of the TEM 
microscope grid, as most of the fibers were found to be present in droplet-like regions such as 
the one depicted in Figure 5.8a. Furthermore, the fibers were not observed with scanning 
electron microscopy (SEM) using stainless steel as the substrate. The dimensions of the fibers 
suggest a structural organization similar to that of a micellar rod (Figure 5.6b): the observed 
diameter (15-25 nm) was less than twice the extended length of polymer 1 (2×25 = 50 nm), 
which determines the maximal possible diameter of a micellar rod. After dialysis against 
ultrapure water, the fibers were absent in both the TEM and SEM experiments. 
The spherical aggregates that were observed before dialysis (Figure 5.8ce) were in some cases 
found to contain pores (Figure 5.8e, see arrow). Furthermore, with TEM a difference in 
electron-dispersive character of the core and the shell could be observed. The shell thickness 
was estimated to be 15-40 nm, suggesting a bilayer-like structure. After dialysis only (partly) 
collapsed structures were observed (Figure 5.8df). This strongly indicates that the cores of the 
aggregates consist of volatile substances such as solvent molecules. Attempts were made to 
further investigate the inner core by freeze-fracturing a droplet of the aggregate dispersion and 
a 
 
 c 
 
 e 
b  d
 
 f 
 
Figure 5.8 Electron micrographs of aggregates of polymer 1: fibers (a, b, bars 1 and 0.5 µm, respectively) and 
spherical objects before (c, e, bars 250 and 500 nm, respectively) and after dialysis (d, f, bars 500 and 200 nm, 
respectively). The arrow in image e indicates a pore in the aggregate. The inset in image f shows a partly 
collapsed structure.  
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inspecting it by cryo-SEM. No fractured aggregates were found at the fracture planes, whereas 
intact aggregates were observed at the air-water interface of the droplet. Additional attempts 
were made to imbed the aggregates into a polymer resin to be able to perform microtomy, i.e. 
cutting the aggregates into slices with a diamond knife. Unfortunately, the aggregates were 
found to dissolve in the polymer matrix. 
In a subsequent series of experiments the aggregates of polymer 1 were treated with 
streptavidin. To this end an aqueous protein solution instead of water was added to a THF 
solution of the polymer, or a solution of the protein was added to a dialyzed dispersion of the 
aggregates of 1. Both procedures yielded spherical aggregates (∅ ~ 25-400 nm) together with 
large, poorly defined structures, as were observed by TEM (Figure 5.9). The latter structures 
probably are clusters of protein molecules. 
Attempts were also made to functionalize the earlier described fibers of polymer 1 (Figure 
5.8ab), by incubating them on an electron microscope grid with an aqueous solution of 
streptavidin. After extensive rinsing the grid with water, the fibers were incubated with a 
biotinylated ferritin solution and rinsed again. Surprisingly, the resulting aggregates did not 
contain more ferritin molecules than the surrounding background as was concluded from TEM. 
This result can be explained in two ways: (1) the biotin groups in the fibers are very tightly 
packed, making the binding of streptavidin and thereby that of ferritin impossible, or (2) 
streptavidin is bound but it (partly) denaturates during the several washing and drying steps, 
losing its ability to bind ferritin. 
a
 
  b
Figure 5.9 Electron micrographs of aggregates of polymer 1 and streptavidin: spherical aggregates (a, bar = 200 
nm) and poorly defined aggregates (b, bar = 200 nm). 
5.5 Conclusions 
A bisbiotinylated polystyrene 1 has been synthesized which is capable of effectively binding 
streptavidin in a 1:1 ratio, as could be deduced from Langmuir-Blodgett experiments. Attempts 
to induce self-assembly of the giant amphiphiles into well-defined three dimensional 
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aggregates such as vesicles were not successful. The underlying problem may be the rigid 
structure of the polystyrene chains in water, which makes that any formed aggregate becomes 
kinetically trapped. Vesicle-like aggregates of polymer 1 in the absence of protein could be 
obtained by the slow and controlled addition of water to a solution of 1 in an organic solvent. 
Initial experiments were performed to functionalize these aggregates with streptavidin by the 
addition of the protein to these aqueous dispersions. 
5.6 Experimental Section 
5.6.1  Chemicals 
(+)-Biotin, (+)-biotin-4-nitrophenyl ester and tris(hydroxymethyl)amino-methane hydrochloride buffer (pH 7.0) 
(Tris) were obtained from Fluka. (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 
(BOP) and streptavidin were purchased from Sigma. 4'-Hydroxyazobenzene-2-carboxylic acid (HABA) was 
obtained from Aldrich. Monocarboxy terminated polystyrene was obtained from PolymerSource. Toluene-4-
sulfonate salt of L-glutamic acid dibenzyl ester and Z-glutamic acid were kindly donated by P.J.H.M. Adams. All 
solvents were distilled prior to use. Thin layer chromatography analyses were performed on Merck precoated 
silica gel 60 F254 plates using the solvent mixtures indicated, whereby the eluent BAW represents butanol/acetic 
acid/water (4:1:1 v/v/v). The spots were visualized by UV and/or TDM (chlorine/4,4’-(tetramethyldiamino)-
diphenylmethane coloring reagent). Coated electron microscope grids (formvar, formvar/carbon, or carbon) were 
prepared by an in house developed procedure or purchased from Electron Microscope Sciences. NMR spectra 
were recorded on Bruker AC-100, Bruker WM-200, and Bruker AC-300 instruments at 297 K. Chemical shifts are 
reported in ppm relative to tetramethylsilane (δ = 0.00 ppm) or the appropriate solvent signal. FT-Infrared spectra 
were recorded on a Bio-Rad FTS 25 instrument. UV/vis spectra were measured on a Varian Cary 50 Conc 
spectrometer. GPC analyses were performed on a Shimadzu HPLC equipped with a PLgel 5µm Guard and a 
PLgel 5µm Mixed-D column. MALDI-ToF spectra were measured on a Bruker Biflex III spectrometer. 
5.6.2 Monolayer Studies 
The bisbiotinylated polymer 1 was spread from a chloroform solution (typically 6×10-5 M) on the air-water 
interface of a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). A buffer (0.05M 
Tris and 0.1M NaCl, pH 7.0) was used as subphase. After 30 min. a buffered aqueous solution of streptavidin 
(typically 8×10-6 M) was injected in the subphase (1 equiv. in respect to 1) and an additional hour was waited 
before compression was started (0.7 cm2 min-1). 
5.6.3 Aggregation in Aqueous Media 
Swelling of Multilayer Films 
Monolayers of giant amphiphiles based on monobiotinylated polystyrene were prepared as described in Chapter 3. 
Monolayers were vertically deposited on a glass substrate in a down-up-down motion, while maintaining a surface 
pressure of 7 or 27 mN⋅m-1. The substrate was recovered in a petri dish at the bottom of the Langmuir trough. 
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Subsequently a drop of ultrapure water was deposited on top of the substrate. The latter was placed in a water 
saturated atmosphere at 20 or 40°C. At regular intervals samples of the droplet were taken and investigated with 
the help of TEM. 
 
Electroformation 
The cell for the formation of giant vesicles consisted of two petri-dishes 
separated by a glass plate, every dish having two outlets (Figure 5.10). 
The lower dish was used as a heating device by circulating hot water 
through it. In the upper petri dish two flattened platinum wires (∅ = 0.7 
mm, ~5 mm apart) were placed, both connected to a Philips PM5127 
function generator. After depositing the sample on the wires, the cell 
was filled with an aqueous solution (ultrapure water or 0.2 M sucrose) 
and an electric alternating current (0-10 V, 0.1-30 Hz) was applied 
while heating at 20-90°C. The whole process was followed with the help of a polarization microscope (Jenaval) 
equipped with a CCD camera (Sanyo). 
 
Aggregation in Toluene-Water Mixtures 
To 0.2 ml of a solution of bisbiotinylated polystyrene 1 (1.7×10-6 M) in toluene was added 1.2 ml of a aqueous 
streptavidin solution (1.05×10-6 M). The mixture was stirred overnight, during which the mixture partially 
evaporated. 
 
Aggregation by Dispersion 
Bisbiotinylated polystyrene 1 was dissolved in THF (8.1×10-6 M) and 30 µl of this solution was injected in 1 ml of 
ultrapure water in an open vial while sonicating (Elma Transsonic Digital S, power 100%) and heating at 60°C. 
After 10 min. the vial was closed and sonicating was continued for an additional 30 min. 
 
Aggregation by the Slow Addition of Water 
To 2 ml of a bisbiotinylated polystyrene 1 solution (typically 2×10-6 M) in an organic solvent (DMF, dioxane or 
THF) was slowly added 2 ml of ultrapure water with the help of a peristaltic pump (Pharmacia Biotech P-1, 15 
µl/min) while stirring vigorously until a water concentration of 50% was reached. Eventually, the dispersion was 
dialyzed (Spectrapor 3, MWCO = 3500 D) against ultrapure water.  
Functionalization with streptavidin was performed by: a) the slow addition of an aqueous protein solution 
(typically 7×10-6 M) instead of ultrapure water to the organic solution of 1; b) the addition of streptavidin to the 
dispersion of 1 after dialysis; or c) the addition of one droplet of a streptavidin solution (8.4×10-5 M) on top of an 
electron microscope grid covered with aggregates of 1. After 10 min. the droplet was drained and the grid was 
rinsed (3×) with ultrapure water. A procedure similar to (c) was used to subsequently functionalize the 
streptavidin with biotinylated ferritin. 
 
Figure 5.10 Schematic representation 
of the cell used for the electroformation 
of vesicles (see text). 
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5.6.4 Electron Microscopy Experiments 
Samples for TEM were deposited from aqueous dispersions onto formvar, formvar/carbon or carbon coated 
electron microscope grids. After 2 min. the water was drained off and the grids were shadowed with platinum at 
an angle of 45º. TEM images were obtained with a JEOL JEM-1010 microscope (60kV) equipped with a CCD 
camera. Samples for SEM were deposited from the aqueous dispersions onto a stainless steel substrate. The 
images were taken with a Jeol JSM-6330F microscope. 
5.6.5 Syntheses 
Bisbiotinylated Polystyrene (1) 
An amount of 5 ml of 30% HBr in acetic acid was added to a solution of 100 mg of 8 (0.11 mmol) in 5 ml of 
acetic acid. After stirring for 16 hrs., the solution was poured into diethyl ether. The off-white precipitate was 
filtered and washed with diethyl ether. This crude product was immediately dissolved in 20 ml of DMF and the 
reaction mixture was adjusted to pH 10 with triethylamine. To this solution 558 mg carboxy terminated 
polystyrene (0.06 mmol) was added followed by 38 mg (0.09 mmol) of BOP. After stirring for 48 hrs. under 
nitrogen, the reaction mixture was poured into a large excess of methanol. The white precipitate was filtered and 
purified twice by column chromatography (silica, dichloromethane and methanol/dichloromethane 5:95 v/v). The 
collected fractions were evaporated to dryness, redissolved in dioxane and lyophilized. Product 1 was obtained as 
a white solid (60 mg, 10%). Rf = 0.08 (methanol/chloroform 5:95 v/v, UV); 1H NMR (300MHz, CDCl3): δ = 7.45-
6.30 ((CH2CHPh)x), 4.31 (CHα), 4.12 (CH2NHCO), 3.18 (CH2NHCO), 2.20-1.70 ((CH2CHPh)x), 1.70-1.00 
((CH2CHPh)x), 1.26-0.73 (br, iBuH); 13C NMR (75MHz, CDCl3): δ = 156.5 (C(O)), 146.3-145.3 
((CH2CHPhipso)x), 128.5-127.5 ((CH2CHPhortho+meta)x), 126.1-127.7 ((CH2CHPhpara)x), 69.0, 68.8, 53.6 (biotin-
CHCHNH, biotin-CH2CHNH), biotin-CHCHNH) and CαΗ), 46.6-41.0 ((CH2CHPh)x), 40.8 ((CH2CHPh)x), 32.2-
29.5 (CH2 and (CH3CH2CH(CH3)-(CH2CHPh)x), 22.9 ((CH3CH2CH(CH3)-(CH2CHPh)x), 19.4 
((CH3CH2CH(CH3)-(CH2CHPh)x), 14.3 ((CH3CH2CH(CH3)-(CH2CHPh)x); MS (MALDI) Mn =10200, Mw/Mn = 
1.08. 
 
L-Glutamic acid dibenzyl ester endcapped polystyrene (3) 
Oxalyl chloride (0.65 ml) was added to a solution of 1.45 g (0.15 mmol) carboxy terminated polystyrene (Mn = 
9147, Mw/Mn = 1.08) in 25 ml of dichloromethane. After 1 h. stirring under a nitrogen atmosphere the reaction 
mixture was evaporated to dryness and subsequently redissolved in 25 ml of dichloromethane. A solution of 0.11 
g (0.22 mmol) of the toluene-4-sulfonate salt of L-glutamic acid dibenzyl ester and 0.1 ml of triethylamine in 25 
ml of dichloromethane was added dropwise to the reaction mixture. After stirring for 2 hrs., the reaction mixture 
was evaporated to dryness, redissolved in THF and poured in a large excess of methanol (1 l). The white 
precipitate was dried at 90 ºC and further purified by column chromatography (silica, methanol/dichloromethane 
0.5:99.5 v/v) yielding 36 % of 3. Rf = 0.51 (hexane/CH2Cl2 4:6 v/v, UV); 1H NMR (300MHz, CDCl3): δ = 7.20-
6.20 ((CH2CHPh)x and OCH2Ph), 3.60-3.10 ((CH2CHPh)CO and NHCHC(O)), 2.35-1.70 ((CH2CHPh)x and 
CH2CH2C(O)OBz), 1.70-1.00 ((CH2CHPh)x), 1.00-0.52 (Bu-(CH2CH(Ph))x); 13C NMR (75 MHz, CDCl3): δ = 
174.7, 174.5 and 174.2 (CO), 146.3-145.3 ((CH2CHPhipso)x), 129.2-127.7 ((CH2CHPhortho+meta)x), 125.9-125.7 
((CH2CHPhpara)x), 132.3 (C(O)OCH2Ph), 68.2 (C(O)OCH2Ph), 60.6 (NHCHC(O)), 49.3-40.5 ((CH2CHPh)x), 40.7 
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((CH2CHPh)x), 30.7 ((CH3CH2CH(CH3)-(CH2CHPh)x), 30.5-29.0 ((CH3CH2CH(CH3)-(CH2CHPh)x and 
CH2CH2C(O)OBz), 21.0-18.7 ((CH3CH2CH(CH3)-(CH2CHPh)x), 11.6 ((CH3CH2CH(CH3)-(CH2CHPh)x). 
 
N’,N’’-[N-Carbonyloxytertbutyl-6-aminohexane]-Nα-carbonyloxybenzyl-L-glutamide (7) 
An amount of 500 mg (1.8 mmol) of Z-glutamic acid 5, 850 mg (3.9 mmol) of N-BOC-1,6-diamino-hexane 
hydrochloride 6, and 0.4 ml (5.4 mmol) of triethylamine were dissolved in 25 ml of THF. At 0 ºC 0.65 ml (4.3 
mmol) of DEPC was added and the mixture was stirred for 16 hrs. under a nitrogen atmosphere, allowing it to 
warm to room temperature. The oil obtained after evaporation of the solvent was dissolved in dichloromethane 
and extracted with water (100 ml), 1 M aqueous NaOH (4 × 100 ml), and 0.1 M aqueous HCl (4 × 100ml). After 
drying (Na2SO4) and concentrating the organic layer, the crude product was purified by crystallization from ethyl 
acetate, yielding 601 mg (50 %) of 7 as a white solid. Rf = 0.15 (methanol/chloroform 5:95 v/v, UV); m.p. 113-
113.6 ºC; 1H NMR (300 MHz, CDCl3): δ = 7.35-7.31 (m, 5H, ArH), 6.78 (br, 1H, Z-NH), 6.27 (br, 1H, 
CαHC(O)NH), 6.10 (br, 1H, CγHC(O)NH), 5.11 (s, 2H, ArCH2), 4.59 (br, 2H, NH-BOC), 4.17 (m, 1H, CαH), 3.23 
(m, 4H, CαHC(O)NHCH2 and CγH2C(O)NHCH2), 3.10 (m, 4H, CH2NH-BOC), 2.34 (m, 2H, CβH2), 2.07 (m, 2H, 
CγH2), 1.44 (s, 18H, tBuH), 1.6-1.2 (m, 16H, CH2(CH2)4CH2); 13C NMR (75MHz, CDCl3): δ = 172.8 and 171.2 
(2C, CαHC(O) and CγH2C(O)), 156.3 (2C, C(O)OtBu), 156.1 (1C, ArCH2OC(O)), 136.3, 128.5, 128.1 and 128.0 
(6C, ArC), 79.0 (2C, C(CH3)3), 66.8 (1C, ArCH2), 54.2 (1C, Cα), 40.2, 40.1, 39.3 and 39.2 (4C, CH2(CH2)4CH2), 
32.6 (1C, Cγ), 29.9-26.0 (9C, Cβ and CH2(CH2)4CH2), 28.4 (6C, C(CH3)3); FAB-MS (m/z, %): 678 (MH+, 100), 
700 (MNa+, 52), 1356 (M2H+, 5), 2034 (M3H+, 1); Anal. calcd for C35H59N5O8: C, 62.01; H, 8.77; N, 10.33. 
Found: C, 62.10; H, 8.74; N, 10.33. 
 
N’,N’’-[6-Biotinylamidehexane]-Nα-carbonyloxybenzyl-L-glutamide (8) 
An amount of 400 mg (0.59 mmol) of 7 was dissolved in 10 ml of TFA and stirred for 2 hrs. under nitrogen. The 
reaction mixture was poured into diethyl ether, after which a cloudy solution was obtained. After standing for 16 
hrs. at 4ºC, the diethyl ether was decanted and the remaining oil dried under vacuum. A sample of this crude 
product (148 mg, 0.31 mmol) was dissolved in 30 ml of DMF together with 0.13 ml (0.93 mmol) of Et3N. To this 
solution a solution of 250 mg (0.68 mmol) of biotin p-nitrophenol ester in 30 ml of DMF was added dropwise 
under nitrogen. After stirring for 16 hrs. the precipitate was filtered and washed with DMF and ethyl acetate. The 
residue was redissolved in hot DMSO (3 ml) en added dropwise to 150 ml ethyl acetate. The obtained precipitate 
was filtered off, washed with boiling ethyl acetate (150 ml) and dried under vacuum. Yield 205 mg (71.1 %) of 8 
as a white solid. Rf = 0.21 (BAW, UV & TDM); m.p. 179.3-180.1 ºC; [α]D21 = 29.0±0.5 (c=1.03 in DMSO); 1H 
NMR (300MHz, DMSO-d6): δ = 7.83 (t, 1H, NHCαH), 7.75 (m, 4H, CH2NHC(O)), 7.35 (m, 5H, ArH), 6.43 and 
6.36 (s, 4H, biotin NH), 5.01 (s, 2H, ArCH2), 4.30 (m, 2H, SCH2CH), 4.12 (m, 2H, SCHCH), 3.90 (m, 1H, CαH), 
3.09 (m, 2H, SCH), 3.00 (m, 8H, CH2NHC(O)), 2.81 (dd, 3J(H,H)=12.31, 4.80Hz, 2H, SCHHexo), 2.57 (d, 
3J(H,H)=12.31, 2H, SCHHendo), 2.11 (m, 2H, CβH2), 2.04 (t, 3J(H,H)=4.85, 4H, CH2(CH2)3CH), 1.83 (m, 2H, 
CγH2), 1.75-1.10 (m, 28H, CH2(CH2)3CH and CH2(CH2)4CH2); 13C NMR (75MHz, DMSO-d6): δ = 171.9 and 
171.3 (4C, C(O)), 162.8 (2C, (NH)2C(O)), 137.0, 128.4, 127.8 and 127.7 (6C, ArC), 65.4 (1C, ArCH2), 61.1 (2C, 
SCHCH), 59.2 (2C, SCH2CH), 55.5 (2C, SCH), 54.6 (1C, Cα), 35.3 (2C, biotin CH2C(O)), 31.9 (1C, Cγ), 31.9-
25.4 (16C, CH2), underneath solvent peak: SCH2 and CH2NH; DEPT 135-NMR (75MHz, DMSO-d6): δ = 128.4, 
127.8 and 127.7 (ArC, +), 65.4 (ArCH2, -), 61.1 (SCHCH, +), 59.2 (SCH2CH, +), 55.5 (SCH, +), 54.6 (Cα, +), 
 Giant Amphiphiles Based on Bisbiotinylated Polystyrene 
  - 69 - 
39.8 (SCH2, -), 38.5 and 38.3 (CH2NH, -), 35.3 (biotin CH2C(O), -), 31.9 (Cγ, -), 29.3-25.4 (CH2, -); IR (KBr) cm-
1: 3298, 1707, 1644, 1540; FAB-MS (m/z, %): 931 (MH+, 100), 953 (MNa+, 20).  
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Chapter 6  
Giant Amphiphiles from Dicyclohexylurea 
Endcapped Polystyrene 
6.1 Introduction 
Biotin (vitamin H) was discovered in 1936 as the natural ligand for avidin and streptavidin.[1] 
In the years after, numerous biotin derivatives[2-4] and analogous such as glycoluril[5] were 
found to bind to these proteins as well (Figure 6.1). That the complexation is not restricted to 
molecules that mimic the shape of biotin was concluded from experiments with compounds 
like 2-(4’-hydroxyphenylazo)benzoic acid (HABA)[6] and the Strep-tag.[7, 8] 
NHHN
S
O
COOH  
NHHN
HN NH
O
O  
COOH
S S  
Biotin 
0.6×10-15 (Av) / 4×10-14 (SAv)[3] 
Glycoluril 
2.5×10-6 (SAv)[5] 
Lipoic acid 
7×10-7 (Av)[9]  
 
Asn-Trp-Ser-His-Pro-Gln-Phe-Glu-Lys  
N
N
OH
COOH
 
Strep-tag II 
3.7×10-5 (SAv)[7] 
HABA 
6×10-6 (Av)[3] / 1.4×10-4 (SAv)[6] 
Figure 6.1 Examples of ligands that bind to avidin (Av) and streptavidin (SAv). The respective dissociation 
constants of the complexes are indicated. 
During one of the attempts to synthesize monobiotinylated polystyrene 1 via a DCC mediated 
coupling between the biotin moiety and the polymer (see Chapter 3, Section 3.2), the DCC 
rearrangement product 2 was formed (Figure 6.2). By chance it was discovered that this 
compound is able to bind to streptavidin. This chapter describes the possibility to use polymer 
Chapter 6 
- 72 - 
2 as a component in the synthesis of giant amphiphiles and the formation of the corresponding 
aggregates from these biohybrid molecules. 
1
O
N
H
OON
H
O
90
HN NH
S
O
(CH2)4
2
N
O
90
N
H
O
 
Figure 6.2 Monobiotinylated polystyrene 1 and dicyclohexylurea endcapped polystyrene 2. 
6.2 Monolayers at the Air-Water Interface 
The synthesis and characterization of dicyclohexylurea (DCU) endcapped polystyrene 2 (Mn = 
9480, Mw/Mn = 1.03) is described in Section 3.2. To investigate the streptavidin binding 
capabilities of this polymer, monolayer studies similar to those described in Chapter 3 were 
performed. 
Polymer 2 was spread from a volatile apolar solvent at the air-water interface. The polar 
dicyclohexylurea groups will dissolve into the aqueous phase, whereas the apolar polymer 
chains will be located at the interface. Subsequent addition of streptavidin to the subphase may 
result in the formation of the desired giant amphiphiles. Binding of the protein to the polymer 
will lead to an increase in molecular area, which can be determined via the recorded pressure-
area isotherms. (Figure 6.3).  
From the surface-area isotherm of polymer 2 in the absence of streptavidin a molecular area of 
2.9 nm2 could be calculated by extrapolating the maximum slope of the graph to zero surface 
pressure (Figure 6.3b). This number is smaller than the number calculated for polymer 1 (3.9 
nm2, see Section 3.5). In the presence of active streptavidin (0.5 equivalents) a large increase in 
the molecular area per DCU endcapped polymer 2 to 11.8 nm2 was observed. Assuming that 
every formed giant amphiphile consists of two polymer chains and one streptavidin molecule, a 
molecular area of 23.6 nm2 can be derived for the amphiphilic complex. This value is similar to 
that observed for giant amphiphiles based on monobiotinylated polystyrene (24.0 nm2, see 
Section 3.5). That the increase in area is largely determined by the specific binding of the 
protein to the polymers, was confirmed by recording an isotherm of 2 in presence of 
deactivated streptavidin (Figure 6.3b). In this case only a slight difference with the isotherm for 
2 without protein was measured, indicating a low degree of physical adsorption of streptavidin 
to the monolayer.[10] 
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a
 
    b
Figure 6.3 (a) Schematic representation of the construction of a monolayer from giant amphiphiles. (b) Surface 
pressure/surface area isotherms of DCU endcapped polystyrene 2 recorded on a subphase without protein (– –); 
a subphase containing streptavidin (–––) and a subphase containing deactivated streptavidin (· · ·). 
6.3 Aggregation in Aqueous Media 
As already mentioned in the previous chapters, it is difficult to find a common solvent for both 
components of the giant amphiphiles based on polystyrene and streptavidin. Therefore, it was 
decided to investigate the formation of three dimensional aggregates of the protein-polymer 
hybrids via a two step approach.[11] In the first step DCU-endcapped polystyrene 2 was 
dispersed in an aqueous solution, after which streptavidin was added in a the second step.  
A THF solution of polymer 2 was dispersed into hot water (60°C) while sonicating. The 
resulting aggregates consisted mainly of spherical structures and to a lesser extent fibers as 
observed by electron microscopy (Figure 6.4a-c). The diameters of the spherical aggregates 
were found to fall within two categories, one centered around 75 and another one centered 
around 225 nm as concluded from dynamic light scattering (DLS) measurements (Figure 6.4d). 
This suggests that two different types of spherical aggregates are formed and/or that two 
different processes are involved in the formation of these aggregates. Cryo-SEM measurements 
were performed to investigate the internal structure of the spherical objects. The fractured 
aggregates revealed a homogeneous core, most likely consisting of polymer chains (Figure 6.4c 
inset). Whether these chains are ordered as in the so-called “large compound micelles” 
described by Eisenberg et al.[12] (see also Section 2.2.1) or are randomly entangled remains as 
yet unclear. 
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  b
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Figure 6.4 (a-c) Electron micrographs of aggregates of 2 in water (a: bar = 200 nm, Pt shadowing technique; b, 
c: bar = 1 µm). The inset of figure c shows fractured aggregates observed by cryo-SEM. (d) Size distribution of 
the aggregates as measured by Dynamic Light Scattering. 
Addition of streptavidin to the dispersions of DCU endcapped polystyrene 2 led to a large 
number of clusters of aggregates as observed by electron microscopy (Figure 6.5a). This 
clustering is most likely caused by the protein acting as a crosslinker between the spheres 
(Figure 6.5b, see also Section 3.4). 
The remaining free binding sites of the streptavidin protein molecules at the outside of the 
aggregates were used to complex biotinylated ferritin molecules. To this end a solution of 
ferritin was added to the dispersion of 2 and streptavidin. After an incubation period of 30 
minutes the excess of ferritin was removed by filtration. With the help of electron microscopy 
the ferritin molecules could easily be localized at the surface of the aggregates due to the high 
electron dispersive character of the iron cores (Figure 6.5c). The number of ferritin molecules 
was of the same order of magnitude as that observed for the background. Therefore, no 
definitive conclusion can be drawn with respect to the fact whether the ferritin molecules 
indeed bind to the streptavidin functionalized structures. 
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a  b
 
  c 
Figure 6.5 (a, c) TEM images of aggregates of 2 functionalized with streptavidin (a, bar = 500 nm, Pt shadowing 
technique) and with both streptavidin and ferritin (c, bar = 50 nm, the arrows denote the location of ferritin 
molecules). (b) Schematic representation of aggregates of 2 crosslinked by streptavidin. 
6.4 Conclusions 
Despite the fact that dicyclohexylurea (DCU) in comparison to biotin has a completely 
different shape, DCU endcapped polystyrene 2 was found to be able to bind to streptavidin. 
Monolayers of giant amphiphiles based on this polymer could be effectively constructed with 
the help of Langmuir-Blodgett techniques. The construction of three dimensional aggregates 
was accomplished by first forming spherical structures from polymer 2 in aqueous solutions, 
which subsequently were functionalized with streptavidin. This procedure led to the clustering 
of the spheres, whereby streptavidin most likely acts a the crosslinker. The binding of 
biotinylated ferritin in a subsequent step could not be conclusively confirmed. 
6.5 Experimental Section 
6.5.1 Chemicals 
Tris(hydroxymethyl)amino-methane hydrochloride buffer (pH 7.0) (Tris) was obtained from Fluka. Streptavidin 
was purchased from Sigma. Monocarboxy terminated polystyrene was kindly donated by Dr. J.J.L.M. 
Cornelissen. All solvents were distilled prior to use. Thin layer chromatography analyses were performed on 
Merck precoated silica gel 60 F254 plates using the solvent mixtures indicated. The spots were visualized by UV. 
Coated electron microscope grids (formvar, formvar/carbon, or carbon) were prepared by an in house developed 
procedure or commercially obtained from Electron Microscope Sciences. NMR spectra were recorded on Bruker 
AC-100, Bruker WM-200, and Bruker AC-300 instruments at 297 K. Chemical shifts are reported in ppm relative 
to tetramethylsilane (δ = 0.00 ppm) or the appropriate solvent signal. FT-Infrared spectra were recorded on a Bio-
Rad FTS 25 instrument. GPC analyses were performed on a Shimadzu HPLC equipped with a PLgel 5µm Guard 
and a PLgel 5µm Mixed-D column. MALDI-ToF spectra were measured on a Bruker Biflex III spectrometer. 
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6.5.2 Monolayer Studies 
The dicyclohexylurea endcapped polystyrene 2 was spread from a chloroform solution (typically 1×10-4 M) on the 
air-water interface of a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). A buffer 
(Tris, pH 7.0) or ultrapure water was used as the subphase. After incubation for 15 min. the layers were 
compressed at 0.7 cm2 min-1. 
For the construction of the giant amphiphiles 0.5 molecular equivs. of streptavidin in a buffered aqueous solution 
(typically 1×10-5 M) were injected in the subphase before compression. This system was allowed to equilibrate for 
an additional h. before compression was started. Experiments with deactivated streptavidin were performed with a 
buffered stock solutions with a biotin/streptavidin molar ratio of 16:1. 
6.5.3 Preparation of the Aggregates 
In a typical procedure, 30 µl of a dicyclohexylurea endcapped polystyrene 2 solution (1×10-4 M) in THF was 
injected into 1 ml ultrapure water of 65°C during sonication. After 2 min. the vial was closed and the dispersion 
was sonicated for 30 min. 
Functionalization of the resulting aggregates with streptavidin was performed by the addition of 75 µl of the 
corresponding protein solution (2×10-5 M) in ultrapure water to the dispersion of 2, while maintaining the 
temperature at 65°C. After 30 min. the dispersion was allowed to cool to room temperature. 
Subsequent functionalization of the aggregates was performed by the addition of 60 µl of a biotinylated ferritin 
solution (2.5×10-4 M) to the dispersion. After maintaining the dispersion for 30 min. at 60°C, the solution was 
allowed to cool to room temperature. The dispersion was filtered using a centrifugal filter device (pore size 100 
nm) after which the residue was redispersed in ultrapure water. This process was repeated twice. 
6.5.4 Electron Microscopy Experiments 
Samples for TEM were deposited from the aqueous dispersions onto formvar, formvar/carbon or carbon coated 
electron microscope grids. After 2 min. the water was drained off and the grids were shadowed with platinum at 
an angle of 45º. TEM images were obtained with a JEOL JEM-1010 microscope (60kV) equipped with a CCD 
camera. Samples for SEM were deposited from the aqueous dispersions onto an stainless steel substrate. The 
images were recorded with a Jeol JSM-6330F microscope. 
6.5.5 Syntheses 
Dicyclohexylurea Endcapped Polystyrene (2) 
Polymer 2 was formed during one of the attempts to synthesize monobiotinylated polystyrene 1 (see Section 3.2): 
51 mg (0.108 mmol) of biotinyl-3,6-dioxaoctanediamine (4a in Section 3.8.9) was dissolved in 5 ml of 
dichloromethane and the pH of the solution was adjusted to pH 8 with the help of triethylamine. Subsequently, 
997 mg (0.108 mmol) of monocarboxy terminated polystyrene (Mn = 9236, Mw/Mn = 1.04) in 15 ml of 
dichloromethane, 32 mg (0.155 mmol) of DCC and a catalytic amount of DMAP were added. After stirring for 2 
days under a nitrogen atmosphere the reaction mixture was evaporated to dryness, the residue was dissolved in 50 
ml of THF and poured into a large excess (500 ml) of methanol. The precipitate was filtered off and dried under 
reduced pressure. The crude product was further purified by column chromatography (CH2Cl2/hexane, 6:4 v/v) 
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followed by precipitation from methanol. Yield 620 mg (0.015 mmol; 43 %) of 2. Rf = 0.18 (CH2Cl2/hexane = 6:4 
v/v, UV) (PS-COOH: Rf = 0); 1H NMR (300 MHz, CDCl3) δ = 7.30-6.25 (CH2CHPh)x, 3.90- and 3.20 (CHN, 
CHNH, CH2CHPh)CO and CH2O(CH2)2OCH2), 2.35-1.70 ((CH2CHPh)x), 1.70-1.00 ((CH2CHPh)x), 1.00-0.52 
(BuH-(CH2CH(Ph))x); 13C NMR (75 MHz, CDCl3) δ = 173.6 (CH2CO), 153.5 (NC(O)NH), 146.0-144.8 
((CH2CHPhipso)x), 128.7-127.0 ((CH2CHPhortho+meta)x), 126.0-125.2 ((CH2CHPhpara)x), 55.7 and 48.5 (NCH and 
NHCH), 49.8 (CHC(O)), 46.4-40.5 ((CH2CHPh)x), 40.6 ((CH2CHPh)x), 32.6, 32.4, 30.8, 30.526.2, 26.1, 25.4, 
25.2, 24.7 (Cyclohexyl C2-C6), 31.5 ((CH3CH2CH(CH3)-(CH2CHPh)x), 30.3-28.1 ((CH3CH2CH(CH3)-
(CH2CHPh)x), 21.0-17.0 ((CH3CH2CH(CH3)-(CH2CHPh)x), 11.4 ((CH3CH2CH(CH3)-(CH2CHPh)x); IR (KBr) cm-
1: 3435, 3103, 3082, 3025, 3001, 2923, 2850, 1943, 1871, 1803, 1743, 1703, 1663, 1601, 1583, 1493, 1453, 757, 
698, 541; MS (MALDI) Mn = 9480; GPC Mw/Mn = 1.03. 
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Chapter 7  
New Reversible Bidentate Ligands for Avidin and 
Streptavidin 
7.1 Introduction 
The association between biotin 1 (Figure 7.1) and the proteins avidin and streptavidin is so 
strong (Ka = 1.7×1015 and 2.5×1013, respectively)[3] that it can be considered as a weak covalent 
link. To obtain a more reversible ligand-receptor system, analogues of biotin such as glycoluril 
2 (Ka = 4×105 for streptavidin) can be used.[4] This compound and the closely related molecule 
propanediurea 3 are used in our group for the synthesis of cavity-shaped molecules, the so-
called molecular clips.[5] Farrera and Nolte have exploited the available expertise to develop 
acid-functionalized propanediurea, i.e. compound 4. This molecule was found to bind 
reversible to avidin and streptavidin with association constants of Ka = 1×106 and 4×103 for 
avidin and streptavidin, respectively.[6] These values are similar to those measured for 
glycoluril. Furthermore, polystyrene chains endcapped with propanediurea 4 could be used by 
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Figure 7.1 X-ray structure, computer generated models, and chemical structures of biotin (1),[1] glycoluril (2),[2] 
propanediurea (3) and its derivative (4). 
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Farrera to construct giant amphiphiles following a procedure similar to the one described for 
biotinylated polystyrene in Chapter 3. 
In this chapter[7] propanediurea derivative 4 is used to construct bidentate ligands 6 (Figure 
7.2), which are the weaker binding equivalents of bisbiotin ligands 5 described in Chapter 5. 
The reversible binding properties of 6 can be useful in the assembly and construction of 
temporary scaffolds for the organization of avidin and streptavidin (Figure 7.3). For instance 
with the help of 6 one face of the protein can be temporarily blocked, while the opposite face 
can be used to complex other biotinylated compounds. Subsequently, the blocking group can 
be easily removed by a washing procedure allowing further reactions with biotin derivatives to 
take place on the deblocked side (see Figure 7.3). 
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Figure 7.2 Bisligands based on biotin (5) and propanediurea (6). 
 
Figure 7.3 Schematic representation of the use of a temporary matrix based on propanediurea 6 for the 
functionalization of streptavidin. 
7.2 Synthesis 
As in the case of bisbiotinylated polystyrene (Section 5.2) L-glutamic acid was used as the 
basis for the synthesis of the reversible bidentate ligand 9 (Scheme 7.1). This amino acid was 
converted to 7 in several synthetic steps as described in Section 5.2 (compound 7). The Boc 
protecting groups were removed with HCl in ethyl acetate, after which the resulting free amino 
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groups were coupled to propanediurea 4 in DMSO using diphenyl phosphoryl azide (DPPA) as 
the coupling reagent and triethylamine as a base (Scheme 7.1). The crude product was purified 
by dissolution in hot methanol, followed by precipitation in ether and purification with the help 
of the counter-current method (butanol/acetic acid/water, 4:1:1 v/v/v),[8] yielding 44 % of the 
protected bisligand 8. The benzyloxycarbonyl group was subsequently removed by 
hydrogenation using a Pd/C catalyst in methanol and resulted in the quantitative formation of 
bisligand 9. 
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Scheme 7.1 Synthesis of bidentate ligand 9. Reagents and conditions: i) HCl/EtOAc, EtOH, 2h; ii) propanediurea 
4, DPPA, Et3N, DMSO; iii) H2, Pd/C, MeOH, 11h. 
Several attempts were made to couple bidentate ligand 9 to polystyrene 10 (Scheme 7.2 and 
Table 7.1). Unfortunately, they all appeared to be unsuccessful. In each case the starting 
compounds were recovered after the reaction. The difference in polarity between bidentate 
ligand 9 and polymer 10 is probably the reason for the unsuccessful conversion: if both 
compounds are not molecularly dissolved the corresponding reaction centers will not be 
accessible for reaction. 
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Scheme 7.2 Attempted synthesis of bidentate ligand functionalized polystyrene 11. Reagents and conditions: see 
Table 7.1. 
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Due to the problems to couple bidentate ligand 9 to a polystyrene chain, it was decided to try to 
attach the ligand to a small aliphatic tail. To this end 9 was reacted with arachidic acid in 
DMSO using PyBOP as the coupling agent and triethylamine as a base (Scheme 7.3). The 
reaction mixture was kept at 55°C in order to prevent the precipitation of arachidic acid. After 
three days the crude product was purified by several extraction and precipitation steps, yielding 
49% of 12. 
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Scheme 7.3 Synthesis of amphiphilic bidentate ligand 12. Reagents and conditions: i) arachidic acid, PyBOP, 
Et3N, DMSO, 55°C, 3d. 
 
Table 7.1 Conditions used in the attempts to synthesize 11 from 9 and 
10 (Scheme 7.2). 
Entry Polymer 
Coupling 
Reagent 
Solvent T (ºC) Time 
1 10a PyBOP DMSO 50-60 3d 
2 10a PyBOP DMF/DMSO (1:1 v/v) 60 1d 
3 10b - DMF 70 24h 
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Compound 12 was found to have an amphiphilic character. It 
formed spherical aggregates (∅ = 20-70 nm) when the ligand 
was dispersed in aqueous solution (Figure 7.4). No attempts 
were made so far to functionalize these aggregates with 
streptavidin. 
 
 
 
 
7.3 Binding Experiments with Avidin and Streptavidin 
7.3.1 Type of Formed Complex  
Although bisbiotinylated polymer 11 and hence giant amphiphiles from avidin and streptavidin 
could not be prepared, it was nevertheless decided to perform preliminary binding experiments 
with compound 9 and the two proteins. Addition of bisligand 9 to a solution of avidin or 
streptavidin can, in principle, lead to several different complexes: two molecules of 9 can bind 
in a monotopic fashion (13, Figure 7.5), two molecules of 9 can bind ditopically (14), protein 
polymers (15) can be formed and four molecules of 9 can bind to the protein (16). The actual 
type of complex formed will depend on various factors such as the length and rigidity of the 
spacer between the two propanediurea groups in 9 and on steric repulsions between the surface 
of the protein and the ligand (see also Section 5.1).  
 
    
Complex 
Ratio 9 : Protein 
13 
2 : 1 
14 
2 : 1 
15 
2 : 1 
16 
4 : 1 
Figure 7.5 Schematic representation of the different possible complexes that can be formed between bisligand 9 
and the proteins avidin and streptavidin. 
The HABA-avidin assay[9] was used to obtain information about the type of complex that is 
formed upon binding of 9 to avidin (see also Section 3.4). From the corresponding titration 
curve in which the absorbance of the bound HABA is plotted against the bisligand-avidin ratio, 
it was deduced that approximately two equivalents of 9 bind per avidin molecule (Figure 7.6). 
Furthermore, at the end of the titration the intensity of the absorption band of bound HABA at 
 
Figure 7.4 Electron micrograph of 
bisligand amphiphile 12 in aqueous 
solution (bar = 200 nm, Pt 
shadowing). 
Chapter 7 
- 84 - 
500 nm was found to be close to zero, indicating that all the binding pockets of the protein are 
occupied by the bisligand molecules. From these two observations it can be concluded that the 
formed complexes are of either of type 14 or are avidin polymers (15). For streptavidin a 
similar behavior was observed (not shown). 
a  b
 
Figure 7.6 (a) Titration of HABA saturated avidin with bisligand 9. The changes in the absorption bands of free 
(A350) and bound HABA (A500) are denoted by arrows. (b) Intensity of the absorption band at 500 nm (indicator of 
bound HABA) as a function of the bisligand-avidin ratio. 
To discriminate between the two possible complexes 14 and 15, which will differ in molecular 
mass (66kD and n·66kD, respectively, for the avidin complexes), size exclusion 
chromatography was performed (Figure 7.7). The recorded chromatographs of avidin in the 
absence and in the presence of bisligand 9 turned out to be identical, indicating that the formed 
complexes most likely are composed of avidin with two ditopic bound bisligands (14). 
 
Figure 7.7 Size exclusion chromatographs of avidin with (–––) and without (– –) bidentate ligand 9 present. 
7.3.2 Determination of the Binding Constant 
The HABA-(strept)avidin assay[9] described in Section 7.3.1 in fact is a competition 
experiment, which can be used to determine the (overall) binding affinity of bisligand 9 for 
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avidin and streptavidin. However, the mathematical expressions describing the binding events 
of a host with four bindingsites (avidin, streptavidin) and a bidentate guest (9) in the presence 
of a competing indicator species (HABA), are very complex and contain too many unknown 
variables to be solved. Therefore, in a first approximation the binding event was described by a 
simplified model by assuming that (strept)avidin has four independent subunitsa A, which can 
each bind to the bisligand (L) or to HABA (H, Figure 7.8).  
HABA:  A + H AH
KAH
 
 A + L AL
KAL
 
Bisligand: 
 AL + A A2L
KA2L
 
Figure 7.8 Schematic representation of the equilibria involved in the binding of the bisligand (L) and HABA (H) 
to (strept)avidin (A). The protein acts as a host with four independent subunits. 
The corresponding binding constants are defined as 
LAALLAALAH KKALA
LAK
LA
ALK
HA
AHK 2
2
2 ]][[
][
]][[
][
]][[
][
==== β  
These equations can be solved either by using linearized mathematical formulas of the type 
derived by Connors[11] or by a double iteration procedure (see Appendix B). The former 
method was tried, but gave only (negative) values without any physical meaning for the 
separate binding constants KAL and KA2L. Better results were obtained with the iteration 
procedure. Using this method a grid of possible values for KAL and KA2L was generated. 
Subsequently, the concentrations of the individual species and the corresponding theoretical 
values for the UV/vis absorbances were calculated by iteration for every position in the grid. 
This process was repeated several times, generating in every cycle a new grid around the 
optimal values of the previous one. The best overlap between the theoretical and experimental 
data was obtained with an overall binding constant β of 3.6×1012 for avidin (Figure 7.9a). For 
streptavidin this approach was unsuccessful: both individual binding constants were found to 
approach infinity during the calculations. 
                                                 
a That the subunits of avidin and streptavidin can be considered as being noncooperative binding sites is in 
agreement with the current view.[10] 
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a
 
KAL = 4.4×106, KA2L = 8.2×105 
 β  = 3.6×1012 
 b
 
KA’H2 = 3.9×105 
β  = KA’L = 1.1×108 
 c
 
KA’H2 = 1.2×104 
β  = KA’L = 4.5×105 
Figure 7.9 Fits of the HABA absorption curves using models that treat the protein as four (a = avidin) and as two 
(b = avidin, c = streptavidin) individual units. 
In a second approach the binding event was simulated by assuming that (strept)avidin acts as 
two independent subunits A’, each capable of binding one bisligand L molecule or two 
molecules of HABA H (Figure 7.10). 
 A' + H A'H
KA'H
 
HABA: 
 A'H + H A'H2
KA'H2
Bisligand:  A' + L A'L
KA'L
 
Figure 7.10 Schematic representation of the equilibria involved in the binding of bisligand (L) and HABA (H) to 
(strept)avidin (A’). The protein acts as a host with four independent subunits. 
The corresponding binding constants are defined as 
]]['[
]'[
]'][[
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]]['[
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'
2
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The equations were solved by iteration as described above (see also Appendix B), yielding 
values for the (overall) binding constant β of 1.1×108 for avidin and 4.5×105 for streptavidin 
(Figure 7.9bc). Since the two models gave large differences in the overall binding constants, it 
was decided to perform calorimetric titrations with avidin. These experiments[12] revealed an 
overall binding constant of β ≈ 108 for the complex between 9 and avidin, indicating that the 
model in which the protein is assumed to consist of two independent subunits gives the best 
resemblance with the actual binding event. It is of interest to note that the monodentate ligand 
4 (Figure 7.1) displays a binding constant for avidin that is two orders of magnitude lower. The 
same holds for the protein streptavidin (Table 7.2). This is further proof of a binding mode in 
which 9 binds in a 2:1 (guest:host) fashion to these proteins (14, Figure 7.5). 
 New Reversible Bidentate Ligands for Avidin and Streptavidin 
  - 87 - 
Table 7.2 Overview of the obtained overall binding constants of bisligand 9 and monodentate ligand 4. 
 Bisligand 9 Ligand 4 
 Ka Assay Ka Calorimetry[12] Ka Calorimetry[6] 
Avidin 1.1×108 ~108 1×106 
Streptavidin 4.5×105  4×103 
7.4 Monolayer Experiments 
Since polymer 11 was not available for experimental studies, bidentate amphiphile 12 (Scheme 
7.3) was used to immobilize the proteins avidin and streptavidin. In a Langmuir trough 
monolayer studies were performed as outlined in Section 3.5. To this end amphiphile 12 was 
spread from a chloroform/methanol mixture (88:12 v/v) at the air-water interface of the trough. 
From the corresponding surface-area isotherm (Figure 7.11) a molecular area of 2.6 nm2 was 
deduced for the amphiphile by extrapolating the maximum slope to zero. 
Addition of 1 equivalent of avidin to the subphase before compression of the bisligand led to 
an apparent increase of the molecular area from 2.6 to 4.5 nm2 (Figure 7.11). However, in the 
case of quantitative binding of the protein to amphiphile 12, a molecular area of roughly the 
cross-section of avidin (~25 nm2) would have been expected. Furthermore, the difference of 
the molecular area of 12 in the presence of activated and deactivated avidin was found to be 
small (4.5 and 3.8 nm2, respectively), indicating that nonspecific binding (physical adsorption) 
of the protein to the monolayer is contributes to a large extent to the increase of the molecular 
area.[13] Performing the above described experiments with streptavidin instead of avidin as the 
protein gave similar results (not shown). 
 
Figure 7.11 Surface pressure/surface area isotherms of bidentate amphiphile 12 recorded on a subphase without 
protein (– –), a subphase containing avidin (–––), and a subphase containing deactivated avidin (· · ·). 
The observed binding of bisligand 9 to avidin in solution (Section 7.3) and the binding of the 
various ligand functionalized polymers to streptavidin described in this thesis, makes it 
unlikely that binding does not occur between amphiphile 12 and (strept)avidin at the air-water 
interface. It is assumed, therefore, that the major part of the amphiphilic molecules dissolve in 
Chapter 7 
- 88 - 
the subphase as a result of the fact that their association with the large protein molecules results 
in complexes that have a polar character. This dissolution is likely to take place when 
mechanical forces are applied, e.g. during the compression of the monolayer.  
Stabilization of the amphiphile-protein monolayers can probably be achieved by mixing the 
biotinylated amphiphiles with an excess of non-biotin containing surfactants, which serve as an 
anchoring monolayer film and provide the necessary space between each biotinylated 
surfactant in order to allow the binding of the proteins. These experiments were, however, not 
performed. 
7.5 Conclusions 
Bisligand 9 was synthesized but could not be used to construct a giant amphiphile, because the 
coupling with a carboxy-terminated polystyrene derivative turned out to be unsuccessful. 
Compound 9, however, was found to bind in a ditopic fashion to the proteins avidin and 
streptavidin. The measured binding affinity is considerable higher than that measured for the 
related monodentate ligand propanediurea derivative 4 (Ka = 108 and 106, respectively for 
binding to avidin). The association of 9 with the protein is still weaker than that of biotin, 
creating the possibility to use this bisligand as a temporary protecting group for avidin and 
streptavidin. 
It was possible to modify bisligand 9 with an alkyl chain, in order to give it amphiphilic 
character. Monolayers of this compound could be succesfully prepared. The functionalization 
of these monolayers with streptavidin proved to be difficult, probably due to the overall polar 
character of the constructed ligand-protein hybrid. This enhances its tendency to dissolve in the 
aqueous subphase, leading to a dissolution of the monolayer. 
7.6 Experimental Section 
7.6.1 Chemicals 
Arachidic acid and tris(hydroxymethyl)amino-methane hydrochloride buffer (pH 7.0) (Tris) were obtained from 
Fluka. Streptavidin and avidin were purchased from Sigma. 4'-Hydroxyazobenzene-2-carboxylic acid (HABA) 
was obtained from Aldrich. Monocarboxy-terminated polystyrene was obtained from PolymerSource. 
Propanediurea derivative 4 was kindly donated by Dr. J.A. Farrera. All solvents were distilled prior to use. 
Thin layer chromatography analyses were performed on Merck precoated silica gel 60 F254 plates using the 
solvent mixtures indicated: BAW (butanol/acetic acid/water = 4/1/1 v/v/v), PAW (isopropanol/ammonia/water = 
85/5/10 v/v/v), MCA (MeOH/CHCl3/acetic acid = 20/80/0.1 v/v/v). The spots were visualized with the help of UV 
and/or TDM (chlorine gas/4,4’-(tetramethyldiamino)-diphenylmethane coloring reagent). 
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Coated electron microscope grids (formvar/carbon) were obtained from Electron Microscope Sciences. NMR 
spectra were recorded on Bruker AC-100, Bruker WM-200, and Bruker AC-300 instruments at 297 K. Chemical 
shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm) or the appropriate solvent signal. FT-
Infrared spectra were recorded on a Bio-Rad FTS 25 instrument. UV/vis spectra were measured on a Varian Cary 
50 Conc spectrometer. ESI spectra were measured on a ThermoFinnigan MAT900S spectrometer. 
7.6.2 HABA-Avidin Assay 
An amount of 50 µl of a HABA stock solution (5.34×10-5 M HABA, 0.1 M PBS, pH 7.3) was added to 500 µl of 
an avidin solution (3.8×10-5 M avidin, 0.1 M PBS, pH 7.3). Small aliquots (10 µl) of a dispersion of bisligand 9 
(1.0×10-4 M, 0.1 M PBS, pH 7.3) were added to the resulting mixture, and the UV/vis spectra were measured (λ = 
650-250 nm). The spectra were corrected for dilution. 
7.6.3 Size Exclusion Chromatography 
Solutions of Avidin (7.58×10-6 M) and bisligand 9 (3.31×10-4 M) were prepared by dissolving the compounds in 
an aqueous phosphate buffer (0.05 M PBS, 0.3 M NaCl, pH 7.0). Aliquots (500 µl) of the avidin solution and of 
mixtures of avidin and 9 (600:27 v/v, mixing time 1 and 50 min.) were injected on a Pharmacia HPLC equipped 
with a Superose 6 HR 10/30 column. The flux of the eluent (0.05 M PBS, 0.3 M NaCl, pH 7.0) was set to 0.6 
ml/min. The compounds were detected with the help of a UV-vis detector (λ = 280 nm). 
7.6.4 Determination of Binding Constants 
A procedure as described in Appendix B was used. The iterations were performed using the MS Excel 
programme. The quality of the fit was determined by the least squares method. 
7.6.5 Monolayer Experiments 
The amphiphilic bisligand 12 was spread from a chloroform/methanol solution (typically 5.2×10-5 M, 88:12 v/v) 
on the air-water interface of a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). 
An aqueous buffer (0.05 M Tris, 0.05 M NaCl, pH 7.0) was used as subphase. After incubation for 15 min. the 
layers were compressed at 0.7 cm2 min-1. 
For the construction of the amphiphile-protein complexes 1 mol. equiv. of a buffered aqueous solution containing 
avidin (typically 8.8×10-6 M) was injected in the subphase before compression. The system was allowed to 
equilibrate for 30 min. before compression was started. Experiments with deactivated avidin were performed with 
buffered stock solutions containing biotin and avidin in a ratio of 160:1. 
7.6.6 Syntheses 
(1,3-Bis-{6-[5-(9,9-dimethyl-3,7-dioxo-2,4,6,8-tetraaza-bicyclo[3.3.1]non-1-yl)-S-pentanoylamino]-hexy 
lcarbamoyl}-propyl)-carbamic acid benzyl ester (8) 
An amount of 673 mg (0.99 mmol) of 7 (compound 7 described in Section 3.8.9) was dissolved in 20 ml of TFA 
and the solution stirred for 1 h. under a nitrogen atmosphere. The reaction mixture was poured into diethyl ether, 
after which a cloudy solution was obtained. The ether was decanted and the resulting oil dried under vacuum. Of 
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this crude product 148 mg (0.33 mmol) was dissolved in 50 ml of DMSO and added to a solution of 
propanediurea derivative 4 (536 mg, 1.89 mmol) and DPPA (0.8 ml, 3.7 mmol) in DMSO (50 ml). The Ph of the 
reaction mixture was adjusting to pH 8-9 with the use of triethylamine. The reaction was stirred under a nitrogen 
atmosphere for 24 hrs. Thereafter, 50 ml of water was added and the solvent was removed under reduced pressure. 
The remaining solid was dissolved in hot methanol (50 ml), poured into diethyl ether (300 ml) and the precipitate 
collected by filtration. The crude product was purified further by using the counter-current extraction method[8] 
with as eluent butanol/water/acetic acid (4:1:1 v/v/v). The desired product 8 was obtained as a white solid in 44 % 
yield. Rf = 0.25 (BAW, UV & TDM); m.p. 195.1-196.1; 1H NMR (300MHz, DMSO-d6): δ = 7.83 (br, 1H, 
CαHC(O)NH), 7.76-7.71 (br, 3H, CH2NHC(O)), 7.35 (br, 6H, ArH and OC(O)NH), 7.03 (d, 3J(H,H)=2.7 Hz, 4H, 
CNHC(O)NH), 6.55 (s, 4H, CNHC(O)NH), 5.01 (s, 2H, CH2Ar), 3.90 (m, 1H, CαH), 3.79 (t, 3J(H,H)=4.4 Hz, 2H, 
NHC(O)NHCH), 3.01 (br, 8H, CH2NHC(O)), 2.1-2.0 (m, 6H, CγH and (CH2)3CH2C(O)), 1.9-1.6 (br, 2H, CβH2), 
1.55-1.15 (m, 28H, CH2), 1.05 (s, 12H, CH3); 13C NMR (75MHz, DMSO-d6): δ = 171.9 and 171.2 (4C, C(O)), 
155.8 (1C, OC(O)), 154.6 (4C, (NH)2C(O)), 137.0, 128.3, 127.8 and 126.9 (6C, ArC), 71.7 (2C, (NH)2C), 65.8 
(2C, (NH)2CH), 65.4 (1C, ArCH2), 54.5 (1C, Cα), 38.4 and 38.3 (4C, CH2NHC(O)), 35.2 (2C, CH2C(O)), 33.8 
(2C, (NH)2CCH2), 33.3 (2C, CH2CH2C(O)), 29.2-21.6 (12C, CH2 and C(CH3)2), 21.2 (4C, CH3); IR (KBr) cm-1: 
3540, 3262, 3088, 2935, 1703, 1656, 1531. 
 
S-2-Amino-pentanedioic acid bis-({6-[5-(9,9-dimethyl-3,7-dioxo-2,4,6,8-tetraaza-bicyclo[3.3.1]non-1-yl 
)-pentanoylamino]-hexyl}-amide) (9) 
To a solution of 175 mg (0.173 mmol) of 8 in methanol (20 ml) was added a catalytic amount of Pd/C (10%). 
Hydrogen gas was passed through the suspension for 11 hrs., while monitoring the reaction by TLC. The reaction 
mixture was filtered off to remove the catalyst. The filtrate was evaporated under reduced pressure to give the 
desired product 9 as a white solid in 98 % yield. Rf = 0.05 (BAW, TDM); m.p. 214.4-216.2; 1H NMR (300MHz, 
DMSO-d6): δ = 7.87-7.73 (br, 4H, CH2NHC(O)), 7.03 (s, 4H, CNHC(O)NH), 6.54 (s, 4H, CNHC(O)NH), 3.80 (t, 
3J(H,H)=4.4 Hz, 2H, NHC(O)NHCH), 3.46 (m, 1H, CαH), 3.10-2.95 (m, 8H, CH2NHC(O)), 2.1-2.0 (m, 6H, CγH 
and (CH2)3CH2C(O)), 1.9-1.6 (br, 2H, CβH2), 1.55-1.15 (m, 28H, CH2), 1.05 (s, 12H, CH3); 13C NMR (75MHz, 
DMSO-d6): δ = 171.9 and 171.8 (4C, C(O)), 154.5 (4C, (NH)2C(O)), 69.6 (2C, (NH)2C), 66.3 (1C, Cα), 65.7 (2C, 
(NH)2CH), 38.3 (4C, CH2NHC(O)), 35.2 (2C, CH2C(O)), 33.8 (2C, (NH)2CCH2), 33.3 (2C, CH2CH2C(O)), 29.1-
21.6 (12C, CH2 and C(CH3)2), 21.1 (4C, CH3); IR (KBr) cm-1: 3275, 2933, 1653, 1522, 1129; MS (ESI, m/z): 
876.6 (MH+). 
 
Bisligand 12 
An amount of 70 mg (0.225 mmol) of arachidic acid was dissolved in DMSO (30 ml) while heating at 60°C. To 
this mixture 118 mg (0.226 mmol) of PyBOP and a solution of 198 mg (0.225 mmol) of 9 in DMSO (10 ml) were 
subsequently added. The reaction mixture was stirred under a nitrogen atmosphere at 55°C for 3 days. Water (10 
ml) was added and the solvent was evaporated under reduced pressure. The remaining solid was recrystalized 
from dichloromethane, yielding 50.6 mg (49 % yield) of 12 as a white solid. Rf = 0.05 (BAW, TDM); 1H NMR 
(300MHz, DMSO-d6): δ = 7.89 (d, 3J(H,H)=7.8 Hz, 1H, CαHC(O)NH), 7.76-7.71 (br, 3H, CH2NHC(O)), 7.01 (s, 
4H, CNHC(O)NH), 6.53 (s, 4H, CNHC(O)NH), 4.16 (m, 1H, CαH), 3.80 (t, 3J(H,H)=4.2 Hz, 2H, 
NHC(O)NHCH), 3.04-3.00 (br, 8H, CH2NHC(O)), 2.1-2.0 (m, 6H, CγH and (CH2)3CH2C(O)), 1.86 (br, 5H, CβHH 
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and (CH2)2CH2CH2C(O)), 1.71 (m, 1H, CβHH), 1.55-1.15 (m, 70H, CH2), 1.05 (s, 12H, CH3), 0.85 (s, 3H, 
CH2CH3); IR (KBr) cm-1: 3300, 2925, 2854, 1653, 1524; ESI-MS (m/z): 1192.9 (M+Na+). 
7.7 References 
[1] G. T. DeTitta, J. W. Edmonds, W. Stallings, J. Donohue, J. Am. Chem. Soc. 1976, 98, 1920. 
[2] B. A. Katz, J. Mol. Biol. 1997, 274, 776. 
[3] N. M. Green, Methods Enzymol. 1990, 184, 51. 
[4] B. A. Katz, B. S. Liu, R. Cass, J. Am. Chem. Soc. 1996, 118, 7914. 
[5] A. E. Rowan, J. Elemans, R. J. M. Nolte, Acc. Chem. Res. 1999, 32, 995. 
[6] J.A. Farrera, unpublished results. 
[7] Part of the work described herein has been performed by P. Hidalgo Fernández as part of his Master 
degree. 
[8] L. C. Craig, O. Post, Anal. Chem. 1949, 21, 500. 
[9] N. M. Green, Biochem. J. 1965, 94, 23c. 
[10] M. L. Jones, G. P. Kurzban, Biochemistry 1995, 34, 11750. 
[11] K. A. Connors, in Binding constants : the measurement of molecular complex stability, John Wiley & 
Sons, Inc., New York, 1987, pp. 175. 
[12] Experiments performed by J.A. Farrera and J. Huskens. 
[13] R. Blankenburg, P. Meller, H. Ringsdorf, C. Salesse, Biochemistry 1989, 28, 8214. 
 

  - 93 - 
Chapter 8  
Towards Giant Amphiphiles Based on 
Polyisocyanides 
8.1 Introduction 
The giant amphiphiles discussed in the previous chapters consist of streptavidin as the polar 
headgroup and polystyrene as the apolar tail. This atactic polymer adopts a random chain 
conformation upon aggregation of the giant amphiphiles. Changing the flexible polystyrene 
chains into rigid (and chiral) polyisocyanide chains in combination with the well-defined 
structure of streptavidin most likely will lead to a strong increase of the overall rigidity of the 
giant amphiphile. It was thought to be of interest to see how this rigidity is reflected in the 
morphology of the resulting aggregates. In this chapter the syntheses of biotinylated 
polyisocyanides are described as well as initial studies on the binding of streptavidin by these 
polymers.[1] 
 
Polymers of isocyanides can be prepared by a nickel(II)-catalyzed reaction.[2] The 
polymerization reaction is supposed to proceed via a ‘merry-go-round’ mechanism as depicted 
in Scheme 8.1: in the first step (i) a nucleophile, e.g. an amine, coordinates to the nickel center 
in the square-planar complex 1 and subsequently migrates to one of the coordinated isocyanide 
molecules (step ii) to give the activated carbene complex 3. The carbene ligand attacks one of 
its neighbors and a new isocyanide inserts at the vacant site (step iii). The reaction sequence 
continues in the same direction as in the initial step (i.e. one particular helical sense is formed) 
adding one turn to the ~41 helix with each rotation around the nickel center (step iv). The 
polymerization process is stopped when the living chain-end accepts a proton (step v). 
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Scheme 8.1 The ‘merry-go-round’ mechanism of the Ni(II) catalyzed isocyanide polymerization. 
The use of chiral isocyanides or nucleophiles 
leads to a preferential attack of the carbene ligand 
on one of the two neighboring isocyanide 
monomers in step iii (Scheme 8.1) and thereby to 
the formation of either left (M) or right (P) 
handed helices. Polyisocyanides based on 
enantiopure isocyanidepeptides have recently 
been studied by our group,[3, 4] and were found to 
form very rigid polymers with persistence 
lengths up to 76 nm.[5] This rigidity is caused by 
the formation of arrays of hydrogen bonds 
between the peptide units that are situated above 
each other in the helical polymer (Figure 8.1). 
8.2 Synthesis of Biotinylated Polyisocyanides 
To obtain biotinylated polyisocyanides two different routes were investigated: a direct one in 
which a biotin derivative acts as the initiator for the polymerization reaction, and an indirect 
one in which the biotin moiety is introduced after the polymerization. 
 
Figure 8.1 Hydrogen bonding arrays in 
polyisocyanides derived from L-isocyanoalanyl-L-
alanine methyl ester. For clarity reasons only one 
of the four peptide strands is shown. 
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8.2.1 The Direct Route 
To optimize binding between the desired biotinylated polyisocyanide and streptavidin, a spacer 
between the polymer and the biotin moiety is desired.[6] Furthermore, the biotin has to be 
functionalized with an amino group in order to be able to coordinate to the Ni(II) complex 1 
resulting in the formation of the initiator complex 3 (Scheme 8.1). It was decided, therefore, to 
react biotin p-nitrophenol ester 7 with an eightfold excess of 1,8-diaminooctane 8 in DMF 
using triethylamine as a base (Scheme 8.2). The resulting biotinylated initiator 9 was purified 
by applying the counter-current method (butanol/acetic acid/water, 4:1:1 v/v/v),[7] resulting in 
43 % yield of the desired product as an acetic acid salt. Since traces of acid can start the 
polymerization reaction without incorporating the desired initiator,[4] the amine of 9 was 
transformed into its free base form by treatment with ammonia followed by lyophilization. 
NHHN
S
O
(CH2)4 O
O
NO2 H2N (CH2)8 NH2+
NHHN
S
O
(CH2)4
O
N
H
(CH2)8 NH2
i
7 8 9  
Scheme 8.2 Synthesis of biotinylated initiator 9. Reagents and conditions: i) Et3N, DMF, 24h. 
Interestingly, during the purification of 9 gelation was observed in nitromethane, 
trichlorobenzene and mixtures of dioxane/water (1:4 and 1:10 v/v) at typical concentrations of 
1 mg/ml. The structure of the gel was investigated by transmission electron microscopy 
(TEM), revealing ribbon-like structures with a diameter of approximately 100 nm and a length 
of several micrometers (Figure 8.2). Most likely, these structures are the result of strong 
hydrogen bonding interactions between the 
individual molecules as observed for related 
biotin derivatives.[8] The use of these gels for the 
immobilization of streptavidin can lead to 
interesting applications in the fields of drug 
delivery, biosensors and biocatalysts. In these 
systems the protein may act as a linker between 
the gelating molecules and for instance the 
biotinylated antibodies, probes and enzymes. 
With compound 9 at hand, several attempts were 
made to synthesize the biotinylated initiator 
complexes 11 (Scheme 8.3 and Table 8.1). 
 
Figure 8.2 Electron micrograph of biotinylated 
initiator 9 in a water/dioxane mixture (1:4 v/v, 
bar = 500nm). The inset shows an magnification 
of a bent ribbon. 
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Initially, problems were encountered in obtaining the desired product due to the difference in 
polarity of the catalysts 10 and the initiator 9. In the first attempt (entry 1) dichloromethane 
was used as the reaction medium, being the standard solvent for this type of reaction. The 
initiator 9 was dispersed in this solvent by refluxing and sonicating. These conditions were 
maintained upon and after addition of the catalyst 10a, which resulted in the formation of a 
green syrupy-like precipitate. However, IR measurements did not reveal any characteristic 
bands of the carbene complex (2250-2180 cm-1), indicating that the desired product had not 
been formed. Using the more polar solvent DMF (entry 2) to solubilize initiator 9 resulted in a 
change in the coordination complex,[9] indicated by a color change from yellow to green, and 
hence the inactivation of the catalyst. To avoid this problem ethyleneglycol/dichloromethane 
mixtures were tested as the reaction medium (entry 3). However, either the initiator or the 
catalyst turned out to be insoluble in the final reaction mixture. In a last attempt the polar, non-
coordinating solvent nitromethane was used (entries 4 and 5), even though the catalysts 10 are 
not completely stable in this solvent (the orange solution of 10a turns green after one day). 
Heating (60°C) and sonicating proved to be necessary to keep the biotinylated initiator 9 in 
solution. During the reaction the opacity of the mixture disappeared while the color turned 
from orange to red, the latter being an indication of carbene complex formation.[10, 11] After 
evaporation of the solvent the resulting brown-reddish crude product showed the characteristic 
IR bands in the carbene region (2235-2220 cm-1). Further purification of the initiator complex 
11a was performed by selectively precipitating the remaining impurities in dichloromethane. 
1H-NMR spectra showed the characteristic chemical shifts of the biotin group and those of the 
amine protons of the carbene. 
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Scheme 8.3 Synthesis of biotinylated initiator complexes 11b and 11a. For reagents and conditions see Table 8.1. 
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Table 8.1 Conditions used in the attempts to synthesize initiator complexes 11 (Scheme 8.3). 
Entry Catalyst Solvent Conditions† Results 
1 10a CH2Cl2 Sonicating, 40°C Initiator suspended, precipitate upon addition of 
catalyst 
2 10b DMF Stirring, r.t. Catalyst not stable 
3 10b Ethyleneglycol/CHCl2 Sonicating, 50°C Catalyst not soluble 
4 10b CH3NO2 Stirring, r.t. Precipitation initiator 
5 10a CH3NO2 Sonicating, 60°C Formation product 11a 
† The reactions were performed using a 1:1 molar ratio of initiator and catalyst. Typical reaction time 10 min. 
Biotinylated polyisocyanide 13 was obtained in 40 % yield using initiator complex 11a and 
isocyano-L-alanyl-L-alanine methyl ester 12 as monomer in a molar ratio of 1:20 (Scheme 8.4). 
The UV/vis and CD spectra of 13 were similar to those of corresponding non-biotinylated 
polyisocyanides, revealing the typical n-π* transition of the imino chromophore in the UV at λ 
= 310 nm and a positive cotton effect in the CD at λ = 310 nm (Figure 8.3).[2, 4] The latter CD-
band is observed for all polyisocyanopeptides with a helical backbone stabilized by well-
defined hydrogen bonding arrays between the side chains. To confirm that the biotin moiety 
was indeed incorporated in the polyisocyanide, mass spectroscopy experiments (MALDI-ToF) 
were carried out.a However, the intended endgroup analysis[12] could not be performed due to 
the poor resolution of the obtained mass spectra. A polymer sample of 13 was extracted with 
water and for the water soluble polymer 
fraction, containing only low molecular weight 
chains, a molecular mass distribution of 3-14 kD 
was observed. This corresponds to 15-75 
repeating units per polymer. The chloroform 
soluble polymer fraction could not be measured 
by mass spectroscopy, but an average molecular 
mass of 41 kD, corresponding to 225 repeating 
could be derived from AFM measurements (see 
Section 8.3). 
                                                 
a The biotin moiety has a molecular weight which is only 0.3% of that of the total polymer, resulting in a relative 
low intensity and thereby a virtual absence of the corresponding characteristic signals in NMR and IR. 
 
Figure 8.3 CD and UV/vis spectra of biotinylated 
polyisocyanide 13 in dichloromethane. 
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Scheme 8.4 Synthesis of biotinylated polyisocyanide 13. Reagents and conditions: i) 11a, CH2Cl2, 10 min. 
8.2.2 Indirect Route 
The problems that arose during the synthesis of the biotinylated initiator complexes as 
described in the previous section are the result of the large differences in polarity between the 
biotinylated initiator 9 and the catalysts 10. Therefore, an alternative synthetic route to 
biotinylated polyisocyanides was explored, which makes use of an apolar initiator containing a 
protected functional group that after polymerization and deprotection can be used to introduce 
the biotin moiety. It was decided to use the commercially available 9-
fluorenylmethoxycarbonyl (Fmoc) monoprotected diaminohexane 14 as the initiator, because 
the Fmoc group can easily be removed in weakly basic conditions.[13] This was an important 
condition in the choice of the protecting group, since acidic conditions and elevated 
temperatures would lead to destabilization of the helical polymer backbone during the 
deprotection step, while strongly basic conditions would result in the hydrolysis of the methyl 
esters in the side chains.[3, 4] 
The monoprotected diaminohexane 14 was commercially obtained as the hydrogen chloride 
salt, making a deprotonation step necessary in order to avoid spontaneous polymerization of 
the isocyanide in later stages due to the presence of traces of acid.[4] Therefore, an aqueous 
saturated sodium carbonate solution of 14 was prepared, which was extracted with 
dichloromethane (Scheme 8.5). The organic layer containing the free amine was directly used 
in the subsequent reaction without first evaporating the solvent, as redissolving 14 in 
dichloromethane proved to be difficult.a Approximately 1.2 equivalents of 14 in 
dichloromethane were added to the catalyst 10b in dichloromethane and the formation of the 
Fmoc-functionalized initiator complex 15 was apparent from the quick color change of the 
                                                 
a Similar problems for related compounds have been reported in the literature.[14] 
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reaction mixture from yellow to orange[10, 11] and the appearance of signals in the NMR and IR 
spectra characteristic for the complex. 
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Scheme 8.5 Synthesis of the Fmoc-functionalized initiator complex 15. Reagents and conditions: i) Na2CO3(aq); ii) 
10b, CH2Cl2, 10 min. 
Polymerization of isocyano-L-alanyl-L-alanine methyl ester 12 was subsequently performed 
with 1/30 equivalents of initiator complex 15, resulting in Fmoc-functionalized polyisocyanide 
16 in a yield of 75 % (Scheme 8.6). Indication for the incorporation of the Fmoc group in the 
polymer was obtained from several analytical techniques: NMR revealed the presence of 
characteristic chemical shifts for the Fmoc protons (δ = 7.2-7.8 ppm) and the UV/vis spectrum 
of 16 revealed an additional band (λ = 301 nm, Figure 8.4) on top of the band normally 
observed for non-functionalized polyisocyanides. This additional band corresponds to the n-π* 
transition of the Fmoc group. A Cotton band resulting from the Fmoc chromophore was not 
observed, probably because this band had a relatively low intensity compared to the signal of 
the imines. Another possibility is that the Fmoc group is outside the chiral influence of the 
polymer helix due to the presence of the diaminehexyl spacer, resulting in the absence of a CD 
effect. 
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Scheme 8.6 Synthesis of Fmoc-functionalized polyisocyanide 16. Reagents and conditions: i) 15, CH2Cl2, 10 min. 
Additional support for the incorporation of the Fmoc group in the polymer was obtained from 
mass spectroscopy measurements (ESI) on the water-soluble, low molecular weight fraction of 
the prepared polyisocyanide. The obtained mass spectra revealed the presence of peaks 
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corresponding to Fmoc-functionalized polymers up to 10 peptide repeat units (n in Scheme 8.6) 
having one, two and three tert-butyl isocyanide groups (m) incorporated (Figure 8.5). 
 
Figure 8.4 CD and UV/vis spectra of Fmoc-functionalized polyisocyanide 16 before (–––) and after deprotection 
(– –) in dichloromethane. The UV-bands of the Fmoc groups are indicated by the dotted lines. The relative 
intensities of the CD spectra are not normalized. 
 
Figure 8.5 Mass spectrum (Electron Spray) of the water soluble fraction of 16. The notation [m,n] refers to the 
number of tert-butyl isocyanide (m) and peptide units (n) incorporated in the polymer (see Scheme 8.6). 
Deprotection of the Fmoc group of polyisocyanide 16 was performed by stirring the polymer in 
a triethylamine/dichloromethane solution for three days (Scheme 8.7). The formation of the 
free amine 17 could be monitored by UV/vis spectroscopy, since the band corresponding to the 
Fmoc group shifted to a longer wavelength when this group is released (from 301 to 307 nm, 
Figure 8.4). After the reaction a change in the shape of the CD spectrum was observed. The 
protected polymer 16 only showed a positive Cotton effect, whereas the deprotected polymer 
17 also displayed additional negative Cotton effects, viz. λ = 279 and 340 nm. This may point 
 Towards Giant Amphiphiles Based on Polyisocyanides 
  - 101 - 
to a change in the conformation of the polyisocyanide, possibly due to the presence of 
triethylamine which was used for the deprotection. The helical structure, however, is still 
(partly) intact as complete unfolding would lead to the disappearance of the band at 307 nm.[4] 
It is most likely that the organization of the peptide side chains along the backbone of the 
polymer, in particular the hydrogen bonding network, has changed. 
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Scheme 8.7 Deprotection of the Fmoc-functionalized polyisocyanide 16 yielding the free amine 17, which can be 
used in the synthesis of biotinylated polyisocyanide 18. Reagents and conditions: i) Et3N, CH2Cl2, 3d. The 
abbreviation PIAA represents the polyisocyanide. 
The available amine function of polyisocyanide 17 opens the way to functionalization with 
biotin, yielding polymer 18 (Scheme 8.7). The product can most likely be prepared by the 
reaction of 17 with the p-nitrophenol ester of biotin in dichloromethane, since both reactants 
are soluble in this solvent. Due to the lack of time this reaction was not carried out. 
8.3 AFM Studies on Polymers 13 and 16 
Both the biotinylated and the Fmoc-functionalized polyisocyanides (13 and 16, respectively) 
were investigated by Atomic Force Microscopy (AFM). The images revealed individual 
polyisocyanide molecules in an extended conformation, caused by the rigidity of the helical 
backbone which is stabilized by the hydrogen bonds between the side chains (Figure 8.6ab). As 
a result of this rigidity the contour lengths can be accurately measured and used for the 
determination of the molecular weights of 13 and 16.[4, 15] For a large number of molecules the 
contour lengths were determined. The heights of the observed features were checked in order 
to distinguish between single polymer chains and overlaying polymer chains (Figure 8.6cd). 
The average contour lengths of the biotinylated and the Fmoc functionalized polyisocyanides 
were found to be 27 and 30 nm, respectively, taking into account an AFM tip broadening effect 
of 10 nm. The corresponding molecular weight parameters for 13 and 16 are summarized in 
Table 8.2 and were calculated by assuming a 3910 type helix[16] with a helical pitch of 0.46 
nm.[4, 16] The observed polydispersities are rather large (1.6 and 1.5 for polymers 13 and 16, 
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respectively), which is tentatively attributed to a rate of propagation which is considerably 
higher than that of the initiation.[16] 
Table 8.2 Molecular weights of polyisocyanides 13 and 16. 
Polymer 
Ratio 
monomer : catalyst 
Average 
polymer length 
Average 
repeating units 
Mn Mw Mw/Mn 
13 20 : 1 27 nm 225 41 kD 65 kD 1.6 
16 30 : 1 30 nm 256 47 kD 72 kD 1.5 
 
a 
 
  b
 
c   d
Figure 8.6 Topography images of biotinylated (a, bar = 150 nm) and Fmoc-functionalized (b, bar = 200 nm) 
polyisocyanides 13 and 16 and the corresponding histograms showing the polymer length distributions as 
obtained from the AFM images (c and d, respectively). 
8.4 Monolayer Behavior of Biotinylated Polyisocyanide 13 
Biotinylated polyisocyanide 13 was studied with respect to its properties to bind streptavidin 
by using the Langmuir-Blodgett technique (see also Section 3.5). From the obtained isotherm 
of 13 in the absence of streptavidin a surface area of 20.4 Å2 per repeating unit was deduced 
(Figure 8.7a). This area is only slightly larger than the cross-section per repeating unit of 18.8 
Å2, which can be calculated from the reported macromolecular diameter (15.9 Å) and the 
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helical pitch of the 3910 polyisocyanide helix (4.6 Å).[16] Furthermore, the area is in the range 
of that measured for other polyisocyanides.[17] Assuming that polyisocyanide 13 consists of 
225 repeating units, as derived from the AFM measurements described in Section 8.3, a surface 
area of 46 nm2 per polymer chain can be calculated (Figure 8.7b). In these calculations it is 
assumed that polyisocyanide molecules are lying flat on the water surface. 
In the presence of streptavidin (0.5 equivalent per polymer molecule) the surface area of 13 
increased from 20.4 to 21.7 Å2 per repeating unit, which corresponds to an increase from 46 to 
49 nm2 per polymer molecule (Figure 8.7). From these numbers an area of 98 nm2 per 
amphiphilic complex composed of two biotinylated polyisocyanide molecules bound per 
streptavidin can be calculated (Figure 8.8). The deviation from the corresponding theoretical 
maximum surface areaa of 122-134 nm2 can be explained in three different ways: (1) 
polyisocyanide 13 is only partly functionalized with biotin,b (2) the binding process is 
hampered by steric hindrance, (3) the streptavidin molecules are located underneath the 
polymers (“closed orientation”, Figure 8.8a), and do not contribute significantly to the total 
surface area. 
a
 
b
Figure 8.7 Surface pressure/surface area isotherms of biotinylated polyisocyanide 13 in the absence (– –) and 
presence (–––) of streptavidin. Curve a represents the area per polymer repeating unit, curve b the area per 
polymer molecule. 
                                                 
a The theoretical maximum surface area was calculated by taking the sum of the areas of two polyisocyanide 
molecules (49 nm2 each) and one streptavidin molecule (23.5-35.7 nm2 as reported in the literature[6, 18]). The 
corresponding schematic representation is depicted in Figure 8.8b. 
b As already mentioned in Section 8.2.1 the degree of biotinylation is difficult to determine, because of the low 
molecular weight of the biotin group as compared to that of the total polymer. 
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Hysteresis experiments were carried out to further 
investigate whether streptavidin is bound to the 
polyisocyanide molecules at the air-water 
interface. Ringsdorf et al. have previously shown 
that specific binding of streptavidin to monolayers 
of low molecular weight surfactants leads to large 
hysteresis effects opposed to absence of hysteresis 
in the case of nonspecific binding.[19] 
Unfortunately, the surface pressure - surface area 
isotherms of monolayers of biotinylated 
polyisocyanide 13 in the absence of streptavidin 
already showed pronounced hysteresis effects when compression-decompression cycles were 
recorded, indicating slow relaxation of the film (Figure 8.9). Addition of streptavidin to the 
subphase did not give an additional hysteresis effect. Therefore, no definitive conclusion can 
be drawn with respect to the fact whether streptavidin indeed binds to the polyisocyanide 
molecules on the air-water interface.  
a   b 
Figure 8.9 Hysteresis experiments on biotinylated polyisocyanide 13 in the absence (a) and presence (b) of 
streptavidin. The upward arrows indicate compression, while the downward arrows indicate decompression. 
Monolayers of biotinylated polyisocyanide 13 were investigated with the use of Brewster 
Angle Microscopy (BAM) during compression. The recorded images show the formation of 
domains of several hundreds of micrometers in length (Figure 8.10a), as already suggested by 
the observed hysteresis effect discussed above. During compression these domains were forced 
to merge, resulting in the formation of a rigid film. The addition of streptavidin to the subphase 
resulted in the formation of similar domains (not shown). 
More detailed investigations were performed by AFM. For this purpose the monolayers of 13 
in the absence of streptavidin were horizontally deposited (Langmuir-Schaeffer technique)[20] 
a 
 
b 
Figure 8.8 Schematic drawings of the 
orientations of the streptavidin-polyisocyanide 
biohybrid at the water-air interface: (a) closed 
orientation, (b) open orientation. 
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from the air-water interface onto highly oriented pyrolytic graphite (HOPG). The AFM images 
revealed that at low surface pressure the polymer is already aggregated in small domains of 
several hundred nanometers in size (Figure 8.10b). During compression these domains merge 
into a rigid film (Figure 8.10c) as was already observed with BAM. Similar AFM experiments 
were performed with monolayers of 13 in the presence of streptavidin. Unfortunately, the 
resolution of the corresponding AFM images was too low to reveal single protein molecules.  
a  b
 
 c 
Figure 8.10 Monolayers of biotinylated polyisocyanide 13: BAM image of a compressed layer (a, image size ~1 
mm2) and AFM images of a monolayer before (b, bar = 100 nm) and after compression (c, bar = 100 nm). 
8.5 Conclusions 
In order to obtain giant amphiphiles consisting of streptavidin and two rigid polyisocyanide 
chains, two different routes were investigated to incorporate a biotin moiety into a 
polyisocyanide polymer. The first approach, a direct route, made use of a biotinylated initiator 
complex for the polymerization of the polyisocyanides. This renders the biotin group 
immediately available for binding to streptavidin after polymerization. In the second approach, 
an indirect route, an initiator complex containing a protected functional group was used. After 
the polymerization the functional group could be removed making it available for 
functionalization with biotin. Due to the lack of time this functionalization could not be 
realized. 
The biotinylated polyisocyanide obtained via the direct route, was tested on its streptavidin 
binding ability using Langmuir-Blodgett techniques. However, from the several performed 
experiments no evidence for protein binding could be obtained. 
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8.6 Experimental Section 
8.6.1 Chemicals 
(+)-Biotin, (+)-biotin-4-nitrophenyl ester and tris(hydroxymethyl)amino-methane hydrochloride buffer (pH 7.0) 
(Tris) were obtained from Fluka. Streptavidin was purchased from Sigma. All solvents were distilled prior to use. 
Thin layer chromatography analyses were performed on Merck precoated silica gel 60 F254 plates using the 
solvent mixtures indicated: BAW (butanol/acetic acid/water = 4/1/1 v/v/v), PAW (isopropanol/ammonia/water = 
85/5/10), MCA (MeOH/CHCl3/acetic acid = 20/80/0.1 v/v/v). The spots were visualized by UV and/or TDM 
(chlorine gas/4,4’-(tetramethyldiamino)-diphenylmethane coloring reagent). 
Coated electron microscope grids (formvar, formvar/carbon, or carbon) were prepared by an in house developed 
procedure or commercially obtained from Electron Microscope Sciences. NMR spectra were recorded on Bruker 
AC-100, Bruker WM-200, and Bruker AC-300 instruments at 297 K. Chemical shifts are reported in ppm relative 
to tetramethylsilane (δ = 0.00 ppm) or the appropriate solvent signal. FT-Infrared spectra were recorded on a Bio-
Rad FTS 25 instrument. UV/vis spectra were measured on a Varian Cary 50 Conc spectrometer. CD spectra were 
obtained with the use of a Jasco J-810 spectropolarimeter. MALDI-ToF spectra were measured on a Bruker Biflex 
III spectrometer and ESI spectra on a ThermoFinnigan MAT900S spectrometer. 
8.6.2 Electron Microscopy 
Gelation of biotinylated initiator 9 was achieved in dioxane/water mixtures (1:4 v/v) at typical concentrations of 1 
mg/ml. Samples for study with TEM were obtained by lightly touching the gel with the electron microscope grid 
and subsequently drying in vacuo. TEM images were obtained with a JEOL JEM-1010 microscope (60kV) 
equipped with a CCD camera. 
8.6.3 Monolayer Experiments 
Biotinylated polymer 13 was spread from a chloroform solution (typically 4×10-6 M) on the air-water interface of 
a thermostatted (20.0 ± 0.1ºC, Lauda RM6) double barrier R&K trough (6×25 cm). ultrapure water was used as 
subphase. After incubation for15 min. the layers were compressed at 0.7 cm2 min-1. 
For the construction of giant amphiphiles 0.5 molecular equiv. of a buffered aqueous streptavidin solution 
(typically 1×10-5 M) were injected in the subphase before compression. The system was allowed to equilibrate for 
an additional hour before compression was started. 
8.6.4 Brewster Angle Microscopy 
Monolayers of biotinylated polymer 13 were prepared according to a similar procedure as described in Section 
8.6.3 using a thermostatted, home-built trough (20.0 ± 0.1ºC, 14×21 cm). The monolayers were investigated with 
the help of a Brewster Angle Microscope (NFT BAM-1) equipped with a 10 mW He-NE laser with a beam 
diameter of 0.68mm operating at 632.8 nm. The reflections were detected using a CCD camera. The resulting 
images were recorded with a video recorder (Panasonic NV-FS88) and digitalized with the Screen Machine 
software package of FAST Electronic GmbH. 
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8.6.5 AFM Measurements 
Imaging was performed with a Nanoscope III instrument from Digital Instruments operating in tapping mode at 
room temperature. 
Measurements on individual polymers: samples were prepared by spin coating (1800 rpm) a 0.01 mg/ml polymer 
solution in dichloromethane on freshly cleaved mica. The lengths of the individual polymers were determined 
with the help of the AnalySIS 3.2 software package of Soft Imaging Systems GmbH. It was assumed that the 
overestimation of the length due to AFM tip broadening effects, was equal to the overestimation of the width of 
the polymers (10 nm). 
Measurements on monolayers: monolayers prepared as described in Section 8.6.3 were horizontally deposited 
from the air-water interface on highly ordered pyrolytic graphite (HOPG) using the Langmuir-Schaeffer (LS) 
technique.[20] 
8.6.6 Syntheses 
N-Biotinyl-1,8-octanediamine (9) 
To a solution of 1.50 g (10.4 mmol) diaminooctane in 50 ml of DMF and 0.5 ml of triethylamine was added 
dropwise a solution of 0.5 g (1.37 mmol) of (+)-biotin 4-nitrophenol ester in 25 ml of DMF. The reaction mixture 
was stirred overnight under a nitrogen atmosphere. The solvent was evaporated to dryness and the crude product 
was purified by the counter-current method (butanol/acetic acid/water, 4:1:1 v/v/v).[7] The fractions containing the 
product were lyophilized yielding 43% of 9 as an acetic acid salt. The corresponding free amine was obtained by 
the subsequent addition of 100 ml of aqueous ammonia (0.05 M), concentration until a volume of 50 ml was 
reached and lyophilization. Rf = 0.26 (BAW, TDM); m.p. 140-142 ºC; 1H NMR (400 MHz, DMF-d7): δ 7.79 (t, 
1H, J = 5.48 Hz, NHCO), 6.46, 6.37 (s, 2H, (NH)2CO), 4.47 (m, 1H, biotin-CH2CHNH), 4.29 (m, 1H, biotin-
CHCHNH), 3.21 (m, 2H, CH2NHCOCH2), 3.14 (dd, 1H, J1 = 12.52 Hz, J2 = 6.84 Hz, SCHHexo), 2.95 (d, 1H, J1 = 
4.88 Hz, biotin-SCH), 2.71 (d, 1H, J1 = 12.52 Hz, SCHHendo), 2.16 (t, 2H, J = 7.42 Hz, CH2NH2), 1.80-1.25 (m, 
18H, CH2); 13C NMR (50 MHz, DMSO-d6): δ 172.76 (1C, CO), 163.71 (1C, biotin-CO), 62.02, 60.15 (2C, biotin-
CH), 56.45 (1C, SCH), 42-39 (3C, SCH2, CH2CONHCH2 and CH2NH2), 36.20, 30.13, 29.73, 29.65, 29.19, 29.03, 
27.32, 27.13, 26.35 (10C, CH2); IR (KBr) cm-1: 3299, 3224, 2929, 2855, 1703, 1688, 1642, 1556; MS (FAB, 
C18H34N4O2S, calcd. 370.24) m/z = 371.2 [MH+]; El. Anal. Calcd. for C18H34N4O2S: C, 58.34; H, 9.25; N, 15.12; 
O, 8.64; S, 8.65. Found: C, 58.27; H, 8.90; N, 14.68. 
 
N’-Biotinyl-1,8-octanediamino-[tetrakis(i-pentyl isocyanide)nickel(II) perchlorate] (11a) 
An amount of 7.6 mg (0.021 mmol) of N-Biotinyl-1,8-octanediamine 9 was dissolved in 10 ml of nitromethane by 
sonication at 60°C under a nitrogen atmosphere. Maintaining these conditions, 8.9 mg (0.014 mmol) of Ni(CN-
iPe)4(ClO4)2 10a[21] was added to the solution resulting in a reddish, transparent mixture. The solvent was removed 
in vacuo and the resulting crude product dissolved in 5 ml of dichloromethane. The obtained dispersion was 
filtered over a cotton filter and the resulting solution was concentrated until a dry product was obtained which, 
however, still contained traces of solvent even after drying for 24 h in vacuo. 1H NMR (300 MHz, CDCl3): δ 7.89 
and 6.85 (br, 1H, CNHCH2), 7.70 and 6.91 (br, 1H, CNHCH), 7.51 (br, 1H, CH2CONH), 6.07 (br, 2H, 
NHC(O)NH), 4.96 (br, 1H, NHCHCH2), 4.10 (br, 1H, NHCHCH), 3.24 (m, 2H, CH2NHCO), 3.22 (m, 2H, 
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CH2NH), 1.9-1.1 (18H, CH2), 1.72 and 1.31 (s, 9H, NHC(CH3)3), 1.44 (s, 27H, NC(CH3)3); IR (KBr) cm-1: 3253, 
2937, 2964, 2235, 2222, 1690, 1651, 1556, 1088. 
 
N-Biotinyl-1,8-diamine octane endcapped poly(isocyano-L-alanyl-L-alanine methyl ester) (13) 
To a solution of L-isocyanoalanyl-L-alanine methyl ester 12[22] (4 mg, 22 µmol) in 1 ml dichloromethane was 
added 0.5 ml of the biotinylated initiator complex 11a (approximately 2.7 mM) in dichloromethane. After a few 
sec. the solution turned red-brownish, while after 10 min. the IR revealed complete consumption of the isocyanide 
(absence of the band at 2147 cm-1). The solvent was removed in vacuo and the resulting brown solid was 
dissolved in a small amount of chloroform. The crude polymer was further purified by precipitation in 10 ml 
methanol/water (3/1 v/v) under vigorous stirring. The product was filtered off, washed with methanol/water (3/1 
v/v) until the filtrate remained colorless and finally washed once again with methanol. The product was dried in 
vacuo to give polymer 13 in 40 % yield as a glassy brownish solid. 1H NMR (300 MHz, CDCl3): δ 9.46 (br, 1H, 
NH), 9.19 (br, 1H, NH), 5.4-4.0 (br, 2H, CH), 3.63 and 3.60 (s, 3H, OCH3), 1.8-1.1 (br, 6H, CHCH3); IR (KBr) 
cm-1: 3270, 2980-2950, 1750, 1652, 1619, 1533; MS (MALDI-ToF): see text (Section 8.2.1). 
 
N’-Fmoc-1,6-hexanediamino-[tetrakis(t-butyl isocyanide)nickel(II) perchlorate] (15) 
An amount of 103 mg (0.26 mmol) N-fluorenylmethoxycarbonylhexanediamine 
hydrochloride 14 was dissolved in 10 ml of dichloromethane by sonication and 
subsequently extracted with an aqueous saturated sodium carbonate solution (10 
ml). The organic layer was dried with magnesium sulfate, filtered and added to 1 ml 
of a vigorously stirred suspension of Ni(CN-tBu)4(ClO4)2 10b[9] (88 mg, 0.15 mmol) 
in dichloromethane under a nitrogen atmosphere. An almost immediate color change 
of the solution from yellow to orange was observed. After 15 min the cloudy 
solution was filtered and the filtrate was evaporated to dryness to give 15 in 99 % 
yield. 1H NMR (300 MHz, CDCl3): δ 8.06 and 6.85 (br, 1H, CNHCH2), 7.98 and 
7.09 (br, 1H, CNHCH), 7.76 (d, 2H, J = 7.20Hz, FmocH7), 7.62 (d, 2H, J = 5.40Hz, 
FmocH4), 7.40 (m, 2H, FmocH6), 7.32 (m, 2H, FmocH5), 4.34 (d, 2H, J = 7.80Hz, FmocH1), 4.22 (m, 1H, 
FmocH2), 4.05 and 3.43 (m, 2H, CNHCH2), 3.21 (m, 2H, CH2NHCO), 1.9-1.1 (8H, CH2), 1.75 and 1.44 (s, 9H, 
NHC(CH3)3), 1.53 (s, 27H, NC(CH3)3); 13C NMR (75 MHz, CDCl3): δ 177.54 and 175.15 (1C, NCN), 167.18 (1C, 
CO), 144.02 (2C, FmocC3), 141.26 (2C, FmocC8), 127.62, 127.07, 125.25, 119.90 (11C, FmocC4-7 and NiCN), 
66.66 and 64.71 (4C, FmocC1 and CNC(CH3)3), 56.83 (1C, CNHC(CH3)3), 55.70 (1C, CNHC(CH3)3), 50.88 (1C, 
CNHCH2), 47.25 (1C, CH2NHCO), 44.71 (1C, CNHCH2), 40.67 (1C, FmocC2), 31-26 (16C, CH2 and CH3); IR 
(KBr) cm-1: 3320, 2983, 2919, 2852, 2227, 2192, 1687, 1644, 1538, 1577, 1533, 1095; MS (ES) m/z = 854 [M - 
tBuNH], 828 [MH+ - ClO4-], 728 [M - 2 ClO4-]. 
 
N-Fmoc-N’-poly(isocyano-L-alanyl-L-alanine methyl ester)-hexane-1,6-diamine (16) 
A similar procedure was used as that described for polymer 13, using 15 mg (81 µmol) of L-isocyanoalanyl-L-
alanine methyl ester 12[22] in 1 ml of dichloromethane and 3.2 mg (3.4 µmol) of the Fmoc functionalized initiator 
complex 15 in 0.5 ml of dichloromethane. Drying in vacuo gave the polymer in 75 % yield as an off-white 
powder. 1H NMR (300 MHz, CDCl3): δ 9.45 (br, 1H, NH), 9.18 (br, 1H, NH), 7.80-7.50 (br, ArH), 5.4-4.0 (br, 
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Figure 8.11 Numbering of 
the Fmoc hydrogen and 
carbon atoms used in the 
NMR assignments. 
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2H, CH), 3.63 and 3.60 (s, 3H, OCH3), 1.8-1.1 (br, 6H, CHCH3); IR (KBr) cm-1: 3270, 2980-2950, 1750, 1652, 
1619, 1533; MS (ESI): see text (Section 8.2.2). 
 
N-poly(isocyano-L-alanyl-L-alanine methyl ester)-hexane-1,6-diamine (17) 
To a solution of 10 mg of Fmoc-functionalized polyisocyanide 16 in 10 ml of dichloromethane was added 0.5 ml 
of triethylamine. The solution was stirred for 3 days, after which the solvent was evaporated to dryness. The 
resulting white solid was further purified as described for polymer 13 resulting in a yield of 99 %. 1H NMR (300 
MHz, CDCl3): δ 9.45 (br, 1H, NH), 9.18 (br, 1H, NH), 5.4-4.0 (br, 2H, CH), 3.63 and 3.60 (s, 3H, OCH3), 1.8-1.1 
(br, 6H, CHCH3). 
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Chapter 9  
Temperature Responsive Giant Amphiphiles 
9.1 Introduction 
In the previous chapters protein-polymer hybrids were discussed, which consisted of 
streptavidin as the polar headgroup and polystyrene or a polyisocyanide as the apolar tail. The 
lack of a common solvent for both parts of the giant amphiphiles did complicate their 
synthesis, purification and analysis and made it difficult to control the 
aggregation behavior of these compounds. In particular the necessity to 
use aqueous solutions to avoid denaturation of the protein unavoidable 
led to aggregation of the polymer chains. To overcome this problem it 
was decided to investigate the possibility to use the temperature 
responsive polymer poly(N-isopropylacrylamide) 1 (poly(NIPAM), 
Figure 9.1) as the apolar component in the construction of the protein-
polymer hybrids.[1] 
The conformation of poly(NIPAM) in aqueous solutions is dependent on the temperature: 
above a certain temperature, the so-called lower critical solution temperature (LCST, ~32ºC for 
1) the polymer reversibly transforms from a solvated-expanded coil to a collapsed globule (see 
also Section 2.2.3).[2] This endothermic transition is attributed to a change in hydrogen bonding 
and hydrophobic interactions between the polymer segments and water molecules: the “ice-
like” water structure surrounding the hydrophobic moieties along the polymer chains is 
reduced above the transition temperature.[3, 4] 
The temperature dependent conformation of polymer 1 provides a means to control the 
aggregation behavior of giant amphiphiles prepared from this polymer. It allows the 
construction, purification and analysis of the individual giant amphiphile at low temperatures, 
while its aggregation behavior can be studied at higher temperatures. A number of stimuli-
responsive polymer-protein systems has been reported in the literature. These systems deal 
with applications such as drug-delivery, protein purification, and immunoassays.[5-8] However, 
NH
O n
1  
Figure 9.1 Structure of 
poly(NIPAM) 1. 
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non of the reports describe the physical properties and aggregation behavior of polymer-protein 
systems of the type discussed in this thesis, i.e. the giant amphiphiles. 
9.2 Synthesis 
Commercially available amino-terminated poly(NIPAM) (Mn = 7110, Mw/Mn = 1.26) 2 was 
dissolved in a minimal amount of DMF and reacted with a twenty fold excess of biotin-4-
nitrophenyl ester 3 in a sealed flask for four days (Scheme 9.1). The low molecular weight 
compounds still present in the reaction mixture were removed by dialysis against ultrapure 
water, followed by centrifugation and subsequent purification of the resulting supernatant over 
a Sephadex column. 
Thin layer chromatography (TLC) revealed only one spot with a retention time similar to that 
of polymer 2. It could be stained with p-DACA (p-dimethylaminocinnamaldehyde), which is 
an indicator for biotin groups.[9, 10] From 1H-NMR spectra it could be concluded that the 
obtained polymer mixture consisted of approximately 14% biotinylated poly(NIPAM) 4 and 
86% of starting polymer 2. The similarity in molecular weight and polarity of both compounds 
made further purification at this stage very difficult. However, it was anticipated that binding 
of 4 to avidin or streptavidin would dramatically change its properties, thereby making 
separation from unmodified polymer 2 possible, e.g. by using dialysis, size exclusion 
chromatography, iminobiotin affinity chromatography[11] or normal chromatography on a 
hydroxylapatite column.[12] 
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Scheme 9.1 Synthesis of biotinylated poly(NIPAM) 4. Reagents and conditions: i) Et3N, DMF, 4d. 
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9.3 Protein-Polymer Complexes 
In the following sections the formation and characterization of complexes of streptavidin and 
biotinylated poly(NIPAM) 4 are described. These protein-polymer hybrids were obtained by 
the addition of 40 equivalents of the polymer mixture (~14% of 4 and ~86% of 2, see Section 
9.2) to 1 equivalent of streptavidin in an aqueous solution. 
9.3.1 Gel Electrophoresis 
The water soluble character of poly(NIPAM) at low temperatures makes it possible to use gel 
electrophoresis to investigate the formation of the protein-polymer complexes.[13] To this end 
samples of streptavidin, of the polymer mixture of 4 and 2 and of the mixture of the protein-
polymer hybrids were applied onto a SDS-
polyacrylamide electrophoresis gel.[14] From 
the resulting gel (Figure 9.2) it can be 
concluded that the effective size of the 
hybrids as expected is larger than that of 
streptavidin itself. That this increase in size 
is not caused by nonspecific interactions 
between the polymer and the protein was 
assessed by an experiment in which a 
mixture of streptavidin and unmodified 
poly(NIPAM) 2 was applied to the gel 
(Figure 9.2, lane 2). 
9.3.2 HABA-Streptavidin Assay 
In order to investigate the streptavidin binding behavior of biotinylated polymer 4 the HABA-
streptavidin assay was performed (see also Section 3.4).[15] In this test the polymer mixture (a 
mixture of the biotinylated and the unmodified polymer as described in Section 9.2) was added 
to a solution of HABA saturated streptavidin, thereby expelling the HABA molecules from the 
binding pockets of the polymers. This resulted in changes in the relative intensities of the 
UV/vis absorption bands of the dye (Figure 9.3). That this change in intensities is caused by the 
binding of the biotin group attached to the polymer to the protein, was ascertained by a blank 
experiment in which unmodified poly(NIPAM) 2 was used.  
 
Figure 9.2 SDS-PAGE profiles of streptavidin (lane 1 
and 4), streptavidin in the presence of unmodified 
poly(NIPAM) 2 (lane 2) and streptavidin in the presence 
of the mixture of biotinylated poly(NIPAM) 4 and 
polymer 2 (lane 3). The unmarked lane is the standard. 
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a    b 
Figure 9.3 (a) Schematic representation of the HABA-streptavidin assay. (b) Titration curves for biotinylated (z) 
and unmodified (|) poly(NIPAM), in which the absorption of bound HABA (A500) is plotted as a function of the 
polymer-streptavidin ratio. 
The intensity of the UV/vis absorption band due to bound HABA approaches zero at the end of 
the titration, indicating that all four binding pockets of streptavidin become occupied by the 
biotinylated polymer 4 (Figure 9.3). The percentage of biotinylated poly(NIPAM) present in 
the used polymer mixture can be deduced from the polymer-streptavidin ratio at which the 
absorption starts to level off. This percentage amounted to approximately 11%, which is in the 
same order of magnitude as that found by 1H NMR (14%, see Section 9.2). 
The shape of the titration curve suggests a delayed binding event: the slope first increases with 
the polymer-streptavidin ratio and then suddenly decreases, see Figure 9.3b. This is counter-
intuitive since one would expect a fast binding for the first two equivalents of polymer and a 
slow binding for the last two equivalents due to steric hindrance of the already bound polymer 
tails. The origin of this unexpected result remains as yet unclear. 
9.3.3 Liquid Chromatography 
Fast Performance Liquid Chromatography (FPLC) was performed to confirm the formation of 
the polymer-protein complexes and to investigate the possibility to use this method for the 
purification of the formed hybrids. Samples of streptavidin, the polymer mixture (of 4 and 2) 
and the polymer mixture containing the biohybrid complex were injected while detecting the 
UV-absorption of the protein at 280 nm and of both compounds (polymer and protein) at 214 
nm (Figure 9.4). The chromatograms of streptavidin and the polymer mixture revealed 
retention volumes of 15.0 and 14.4 ml, respectively. The latter corresponded to a broad peak. 
Mixtures of both components (polymer-protein ratio 40:1) did not show the original protein 
peak, but a new peak at 10.5 ml due to the formation of polymer-protein complexes was 
observed instead. That this peak is not caused by nonspecific interactions between the polymer 
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and the protein was validated by the injection of a mixture of nonfunctionalized poly(NIPAM) 
and streptavidin, which resulted in only a small shift of the protein peak from 15.0 to 14.7 ml 
(not shown). 
From these preliminary results it can be concluded that the FPLC technique can be used to 
separate the protein-polymer biohybrid complex from unassociated streptavidin and polymer 
by further fractionation of the obtained samples. Unfortunately, due to lack of time these 
experiments could not be carried out. 
 
Figure 9.4 FPLC chromatographs of the polymer mixture of biotinylated poly(NIPAM) 4 and polymer 2 (· · ·), 
streptavidin (– –) and the polymer mixture containing the biohybrid (–––) detected at 214 (A214) and 280 nm 
(A280). 
9.4 Conclusions 
The temperature responsive polymer poly(NIPAM) could be succesfully modified with a biotin 
moiety but, unfortunately, not be purified. Using gel electrophoresis it was shown that the 
synthesized polymer is capable of binding streptavidin. Furthermore, the HABA assay 
indicated that all four binding sites of the protein can bind a biotinylated polymer chain. The 
formed protein-polymer conjugates were separated from unassociated poly(NIPAM) and 
streptavidin using Fast Performance Liquid Chromatography (FPLC). These preliminary 
results demonstrate the practical advantages of using poly(NIPAM) instead of polystyrene as 
the apolar part of the giant amphiphiles: due to the water solubility of poly(NIPAM) at low 
temperatures various common analytical techniques available in biochemistry can now be used 
to study the properties of the compounds. Furthermore, a full control over the aggregation 
behavior of the protein-polymer hybrids will become possible: for instance, aggregation can 
reversibly be induced by raising the temperature above the lower critical solution temperature 
(LCST) of the polymer.  
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9.5 Experimental Section 
9.5.1 Chemicals 
Amino-terminated poly(NIPAM) (Mn = 7110, Mw/Mn = 1.26) was obtained from Polymersource. (+)-Biotin-4-
nitrophenyl ester was purchased from Fluka. Streptavidin was obtained from Sigma. 4'-Hydroxyazobenzene-2-
carboxylic acid (HABA) was obtained from Aldrich. All solvents were distilled prior to use. 
Thin layer chromatography analyses were performed on Merck precoated silica gel 60 F254 plates using the 
solvent mixtures indicated: BAW (butanol/acetic acid/water = 4/1/1 v/v/v), The spots were visualized with TDM 
(chloor/4,4’-(tetramethyldiamino)-diphenylmethane coloring reagent) and/or with the biotin indicator p-DACA 
(p-dimethylaminocinnamaldehyde).[9, 10] 
NMR spectra were recorded on Bruker AC-100, Bruker WM-200, and Bruker AC-300 instruments at 297 K. 
Chemical shifts are reported in ppm relative to tetramethylsilane (δ = 0.00 ppm) or the appropriate solvent signal. 
FT-Infrared spectra were recorded on a Bio-Rad FTS 25 instrument. UV/vis spectra were measured on a Varian 
Cary 50 Conc spectrometer. MALDI-ToF spectra were measured on a Bruker Biflex III spectrometer. 
9.5.2 Gel Electrophoresis 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a 15% polyacrylamide gel containing 
1% SDS. The samples were prepared in aqueous 0.05 M phosphate buffer (pH 7.2) and were not heated and not 
treated with β-mercaptoethanol before loading onto the gel. The concentrations of streptavidin and polymer were 
1.04×10-5 M and 4.16×10-3 M, respectively. 
9.5.3 HABA-Streptavidin Assay 
All the solutions were buffered with aqueous 0.05 M Na2H2PO4 and adjusted to pH 7.2 with aqueous NaOH. To 
600 µl of a streptavidin solution (1.45×10-5 M) small aliquots of 5 µl of a HABA solution (1.31×10-3 M) were 
added until the UV/vis absorbances at 500 and 350 nm reached 0.4 and 0.9, respectively (total added volume 25 
µl). Subsequently, 90 and 70 µl of two mixtures of polymers (4 and 2) (1.87×10-3 and 3.39×10-3 M, respectively) 
were added in aliquots of 10 µl, while monitoring the UV/vis absorbance(λ = 650-200 nm). The spectra were 
corrected for dilution. 
9.5.4 FPLC 
FLPC was performed with a Pharmacia Biotech Smart System equipped with a Superdex 200 column using 
ultrapure water as the eluent. The measurements were performed at 10ºC, detecting the UV-absorption at 214 and 
280 nm. The samples were prepared in aqueous 0.05 M phosphate buffer (pH 7.2) with concentrations of 
streptavidin and polymer of 1.04×10-5 M and 4.16×10-3 M, respectively. The injected sample volume was 50 µl. 
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9.5.5 Syntheses 
Biotinylated Poly(NIPAM) (4) 
To a solution of 21 mg (2.95×10-3 mmol) of amino-terminated poly(NIPAM) in 2 ml of DMF was added 20 mg 
(54.7×10-3 mmol) of biotin-4-nitrophenyl ester in 1 ml of DMF and one droplet of a diluted triethylamine solution 
in DMF. After stirring for four days in a closed reaction vessel, the reaction mixture was dialyzed (spectra/por 3, 
MWCO 3500) against ultrapure water. The white precipitate was removed by centrifugation, after which the 
supernatant was further purified by size exclusion chromatography using a Sephadex G15 column and ultrapure 
water as the eluent. The polymer containing fractions (indicated by the formation of a cloudy solution after 
heating and absorption in UV/vis) were lyophilized, yielding 16.2 mg (77%) of a white solid. The fraction of 
biotinylated poly(NIPAM) 4 was 14%, as deduced from NMR experiments. Rf = 0.81-0.99 (BAW, TDM & 
DACA); 1H NMR (400 MHz, CDCl3) δ = 6.40 (br, 1H, NH polymer side chain), 4.53 (br, 1H, SCH2CH), 4.36 (br, 
1H, SCHCH), 4.00 (s, 1H, CH polymer side chain), 2.14 (m, 1H, CH polymer main chain), 1.63 (m, 2H, CH2 
polymer main chain), 1.14 (s, 6H, CH3 polymer side chain); 13C NMR (75 MHz, CDCl3) δ = 173.6 (C(O) polymer 
side chain and CH2C(O)NH), 42.2 (CH polymer main chain), 41.2 (CH polymer side chain), 35.7 (CH2 polymer 
main chain), 22.5 (CH3 polymer side chain); IR (CH2Cl2) cm-1: 3295, 3070, 2971, 1718, 1643, 1541, 1458; MS 
(MALDI)a Mn = 7200. 
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Chapter 10  
Outlook 
The research described in this thesis deals with the 
construction of giant amphiphiles which consist of a 
protein as the polar head group and two polymer 
chains as the apolar tails. The connection between the 
two parts is based on a ligand-protein interaction: the 
polymer chains are functionalized with biotin, which 
is the natural ligand for the proteins avidin and 
streptavidin (Figure 10.1a). After the first positive 
results within this approach, two other research lines 
to create protein-polymer hybrids were started in the 
group. In these lines cofactor reconstitution[1] and 
covalent attachment[2] were investigated as a method 
for linking the polymer to the protein (Figure 10.1bc). 
 
In the cofactor reconstitution method the enzyme horseradish peroxidase (HRP) was chosen as 
the biomacromolecule, because it contains a cofactor (ferriprotoporphyrin IX) that can be 
easily modified with a hydrophobic polystyrene chain.[1] The desired giant amphiphiles were 
obtained by reconstitution of the apoenzyme with the polymer modified cofactor in a 
THF/water mixture. Increasing the water content of the mixture led to the spontaneous 
formation of spherical aggregates with diameters of 80-400 nm (Figure 10.2a), containing an 
inner aqueous compartment. In most cases these compartments enclosed spherical objects, 
which were often located away from the center of the aggregates. It is presumed that the 
modified polymer first forms spherical aggregates onto which the apo-HRP is reconstituted. 
The resulting giant amphiphiles subsequently form vesicular aggregates, which enclose the 
initial polymer aggregate. The vesicles grow from the polymer aggregates until all the apo-
 
Figure 10.1 Schematic representation of the 
construction of giant amphiphiles based on (a) 
the streptavidin-biotin couple, (b) cofactor 
reconstitution and (c) covalent attachment. 
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HRP inside the vesicular aggregates is reconstituted, leaving nonreconstituted polymer 
molecules as spherical objects inside or attached to the vesicular aggregates. The obtained giant 
amphiphiles were shown to be still catalytically active (0.4 % of the enzymatic activity of the 
molecularly dissolved native enzyme). 
 
The enzyme lipase B from Candida Antarctica (CAL B) was used in the covalent attachment 
approach.[2] The availability of a single disulfide bridge on the outer surface of the native lipase 
made it possible to specifically attach a single maleimide functionalized polystyrene chain. The 
reaction was performed in a THF/water mixture to ascertain that the polymer chains do not 
aggregate and remain molecularly dissolved. Subsequent addition of water resulted in the 
formation of well-defined fibers of several micrometers in length (Figure 10.2b). These fibers 
were found to be built up from bundles of rods, with the smallest rods having a diameter of 25-
30 nm corresponding to the predicted diameter of a micellar rod. Catalytic studies on the fibers 
revealed an activity of approximately 5% compared to that of the native enzyme. 
a   b
Figure 10.2 (a) TEM and cryo-TEM (inset) images of aggregates of complexes formed in aqueous solution 
between apo-HRP and polystyrene functionalized with protoporphyrin IX (bars = 200 nm).[1] (b) TEM image of 
the aggregates formed by giant amphiphiles consisting of lipase B and polystyrene in a THF/water mixture (bar = 
200 nm).[2] 
The covalent attachment method appears to be the fastest and most direct approach, however, 
several disadvantages exist. The chemical reaction between the polymer and the enzyme 
involves the breaking of disulfide bridges of the enzyme, which probably has a negative effect 
on the structural stability of the protein and hence on its activity. Furthermore, the number of 
polymer tails attached to the enzyme is easy to control in the case of CAL B, but probably 
more difficult in the case of other proteins because it is dependent on the number, location and 
reactivity of the disulfide bridges. 
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The modular approach to construct giant amphiphiles, as described in this thesis, has the 
advantage that due to the commercial availability of numerous biotinylated enzymes a diverse 
range of catalytic active protein-polymer can be prepared without the need to adopt the 
construction method or the involved compounds. Furthermore, the structural integrity of the 
proteins is ensured, since no chemical modifications are being performed. A disadvantage of 
this method is the need to control the binding of the polymer to occur at only two of the four 
available bindingsites, in order to obtain the desired giant amphiphiles. 
The above two advantages also hold, but to a lesser extent, for the cofactor reconstitution 
method. The cofactor modified polymer can be used for several different heme containing 
enzymes and the noncovalent nature of the enzyme-polymer linkage will, at least in principal, 
not disturb the structural integrity of the enzyme. However, the steric requirements of the part 
of the polymer chain that is located inside the enzyme can have an negative effect on the active 
conformation of the biomacromolecule. This method allows to use a conducting polymer as the 
tail, opening the possibility to achieve a direct communication with the cofactor, which may be 
useful in the readout and control of the enzyme activity. 
 
The future research in this field of protein-polymer hybrids will most likely be concentrated 
around two topics: (1) the use of different types of polymers acting as the apolar tails of the 
giant amphiphile, and (2) the use of even larger biomacromolecules as the polar head group. 
The use of other more tailor-made polymers will circumvent the problem of protein 
denaturation resulting from the presence of organic solvents, which in the present case are 
needed to keep the polystyrene molecules monodispersed while establishing the link between 
the polymer and the protein. The so-called smart polymers (see Chapter 9) may be promising 
candidates, since as was shown in this thesis the construction of the corresponding giant 
amphiphiles can be performed in an aqueous solution without the use of organic co-solvents. 
Subsequently, aggregation can be reversibly induced by applying an external stimulus such as a 
change in the temperature. A better control over the aggregation behavior is therefore obtained. 
The use of even larger biomacromolecules, e.g. viruses and protein complexes, can be 
interesting in the view of the Israellachvilli’s rules:[3, 4] will there still be a relationship between 
the overall shape of the amphiphile and the type of aggregate formed? Furthermore, the hollow 
compartments inside the viruses which serve to store the viral RNA, can be used for the storage 
of other compounds, e.g. catalysts. In this way aggregates with specific functions and 
properties can be constructed, opening the way for a wide range of applications. 
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Appendix A: Surface Acoustic Wave 
A.1 Surface Acoustic Wave 
Surface acoustic wave (SAW) devices are capable of detecting changes in mass when for 
example a substrate is bound to a receptor on a surface.[1-6] The underlying principle is that of 
the piezoelectric effect: the generation of an electric potential upon applying pressure on a 
specifically cut quartz crystal. The reverse effect takes place when a voltage is applied over the 
crystal which then changes shape. The first application of piezoelectricity in sensors was 
introduced in 1959 by Sauerbrey, who created the quartz crystal balance (QCM).[7] This device 
consists of a small circular quartz crystal that has silver electrodes evaporated on each side. 
When an alternating current of the right frequency is applied over the crystal, it starts to 
oscillate with an characteristic frequency, which is linear dependent on the deposited mass 
according to the Sauerbrey equation: 
 m
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2
0  (1) 
in which ∆F represents the measured frequency change, F0 the resonance frequency of the 
crystal, N is a constant, ρq the density of the quartz, A the surface area of the crystal coating 
and ∆m is the mass deposited on the crystal. Since the generated frequencies (typically 9-12 
MHz) are in the acoustic range, this type of sensor is also called an acoustic wave sensor. 
Higher oscillation frequencies and thereby enhancement of the sensitivity according to 
equation 1, can be reached with surface acoustic wave (SAW) devices. In these type of sensors 
the wave energy is confined to the surface of the piezoelectric substrate rather than distributed 
over the whole crystal as in the QCM. The surface acoustic waves are generated on one side of 
the crystal by an interdigitated transducer (IDT, Figure A.1) and then travel across the surface 
to another IDT, which converts the wave back to an electric signal. The deposition of mass 
between the IDTs leads to a decrease in observed frequency as given by equation 1. Most SAW 
devices have two of the above mentioned trajectories: the sample and the reference delay line. 
The latter line enables one to make corrections for changes in physical parameters such as 
temperature, pressure and flow speed during the measurements. 
The conventional used acoustic waves, the so-called Rayleigh waves, display compression 
waves perpendicular to the surface of the crystal (Figure A.1). Measurements in liquid are 
hampered by the damping effect of the contacting fluid on the Rayleigh wave. This can be 
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circumvented by making use of a relatively new type of waves, the so-called Love waves, 
which show only compression motions parallel to the surface.[5, 8-14] 
 
Figure A.1 Schematic drawing of the Love Wave SAW device (left) and the comparison of a Rayleigh and a Love 
type Wave (right). 
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Appendix B: Determination Binding Constants 
In this appendix the procedure and equations are described to determine the binding constants 
of the complexes between bisligand 9 and the proteins avidin and streptavidin (Chapter 7) from 
the data obtained by the HABA-(strept)avidin assay.[1] The latter assay is a competition 
experiment between the dye 4'-hydroxyazobenzene-2-carboxylic acid (HABA, H) and the 
ligand L for the binding to (strept)avidin A. In the following paragraphs the protein 
concentrations and molar extinction coefficients are expressed per individual subunit (avidin 
and streptavidin each consist of four identical subunits). 
Table B.1 Molar extinction coefficients for the different species and binding constants of the various complexes 
involved in the assay.  
 symbol KAH ε282[2] ε350[2] ε500[2] 
HABA H  2800 20500 480 
Avidin (subunit) A 1.67×105[3] 25000 0 0 
Avidin-HABA AH   2000 35500 
Streptavidin (subunit) A 7295[4] 57000  0 
Streptavidin-HABA AH    35000 
B.1 Determination of the Protein Concentration 
The overall protein concentration [A]t in the absence of HABA and ligand can be determined 
by measuring the intensity of the UV/vis absorption band Abs282 at 282 nm.[2] The 
concentration is given by the formula 
 
l
Abs
A t
⋅
=
282
282][
ε
 (1) 
with ε282 being the molecular extinction coefficient of the protein (see Table B.1) and l the 
length of the pathway in cm. However, for binding studies more accurate values can be 
obtained by determining the active protein content, i.e. the amount of protein which is actually 
capable of binding substrates. This can be achieved by the addition of a HABA H solution to a 
protein A solution. The resulting equilibrium is given by 
 A + H AH
KAH
 (2) 
The mass balance expressions are 
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The binding constant KAH (see Table B.1) is defined as 
 
]][[
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AHK AH =  (4) 
The concentration of the HABA-protein complex [AH] can be determined by the measurement 
of the intensity of the UV/vis absorption band Abs500 at 500 nm: 
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Combining equations 3 and 4 gives the concentration of free protein [A] 
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From the values of [AH] and [A] the total active protein concentration [A]t can be calculated 
according to the mass balance expressions 3. 
B.2 Determination of the Binding Constants 
Two different approaches to determine the binding constants of the complexes between 
bisligand 9 and avidin and streptavidin are described in the following sections. In the first 
approach it is assumed that the protein has four independent subunits, whereas in the second 
approach the protein is considered to have two independent units each composed of two 
bindingsites. 
B.2.1 The Protein as Four Individual Units 
Upon addition of the bisligand to the HABA-protein solution a competitive complexation 
equilibrium is established. This binding event can be represented in a simplified way by 
assuming that the protein has four independent subunitsa A, which can either bind to the 
bisligand L or to HABA H (Figure B.1). 
                                                 
a That the subunits of avidin and streptavidin can be considered as noncooperative is in agreement with the current 
view in the literature.[5] 
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 HABA:  A + H AH
KAH (2)
 
 A + L AL
KAL (7)
 
Bisligand: 
 AL + A A2L
KA2L (8)
Figure B.1 Schematic representation of the equilibria involved in the binding of the bisligand L and HABA H to 
(strept)avidin A. 
The corresponding mass balance expressions are: 
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and the corresponding binding constants are: 
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Solving the binding equations by linearized mathematical functions 
Following the mathematical deduction of Connors,[6] a quantity P can be defined as the amount 
of protein that has bound a ligand: 
 ][][][][2][ 2 AHAALAALP t −−=+=  (11) 
and Q as the HABA indicator ratio: 
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The average number of ligand molecules bound per protein i is given by the formula 
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Combining equations 12 and 13 gives the linearized mathematical equation from which the 
individual binding constants KAL and KA2L of the complexes can be obtained from the slope 
and the intercept of the corresponding plot: 
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The value of P can be calculated with the help of equations 5, 6 and 11, while Q can be 
calculated with equation 12. The data points plotted according to formula 14 must lie in either 
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the first or third quadrants to have any physical meaning. Furthermore, for optimum results Q 
should have values in the range 0.3-3.[6-8] 
 
Solving the binding equations by iteration 
An alternative way to solve the binding equation is to make use of iterations. To this end the 
concentrations of the individual species involved in the binding process must be expressed as 
functions of the initial total concentrations of protein, ligand and HABA. This can be achieved 
by combining equations 9 and 10: 
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The values for KAL and KA2L are found by iteration, of which each cycle consists of a second 
iteration process to determine the concentrations of free protein, HABA, and ligand. The 
quality of the calculated binding constants can be determined by comparing the observed 
UV/vis absorption data with the theoretical absorptions Abs500, calc given by the equation 
 AHHcalc AHHAbs ,500,500,500 ][][ εε ⋅+⋅=  (16) 
B.2.2 The Protein as Two Individual Units 
In this section the protein is considered to have two independent units A’, each capable of 
binding one ligand L or two HABA H molecules (Figure B.2). 
  A' + H A'H
KA'H (17)
 
HABA: 
 A'H + H A'H2
KA'H2 (18)
 Bisligand:  A' + L A'L
KA'L (19)
Figure B.2 Schematic representation of the equilibria involved in the binding of the bisligand L and HABA H to 
(strept)avidin A’. 
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The corresponding mass balances expressions are: 
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and the corresponding binding constants are: 
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Equations 20 and 21 can be combined in such a way that useful formulas for an iteration 
process are obtained: 
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The values for the (overall) binding constant KA’L and for the second binding constant of 
HABA, KA’H2, are found by an iteration in which another iteration is nested to determine the 
concentrations of free protein, HABA, and ligand. The significance of the calculated binding 
constants can be evaluated by comparing the observed UV/vis absorption data with the values 
for the theoretical absorption Abs500, calc which is given by the equation 
 ( ) AHHcalc HAHAHAbs ,5002,500,500 ]'[2]'[][ εε ⋅++⋅=  (23) 
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Summary 
Amphiphiles or surfactants are molecules containing both a hydrophilic and a hydrophobic 
part. The hydrophobic part – also called ‘tail(s)’ – generally consists of one or two alkyl chains, 
whereas the hydrophilic part – also called ‘head’ – is formed by ionic, non-ionic or zwitterionic 
groups. Upon dispersal in water the surfactants arrange themselves in such a way that the heads 
become oriented towards the water phase and the tails cluster together leading to the formation 
of aggregates, viz. micelles, rods, planar bilayers, inverted micelles, bicontinuous structures 
and vesicles. 
In this thesis the synthesis and study of the physical properties of amphiphilic protein-polymer 
hybrids are described. These so-called “giant amphiphiles” can be seen as a new class of 
surfactants, next to the low molecular weight amphiphiles and the class of amphiphilic block 
copolymers, also called “super amphiphiles”. The biohybrid amphiphiles 3 (Figure 1) consist 
of the protein streptavidin 2, acting as the polar head group, and one or two biotinylated 
polymer chains 1 serving as the apolar tails. The affinity between streptavidin and biotin is so 
high (Ka ≈ 1015 M-1; 21 kcal mol-1) that the complex formation between 1 and 2 can be 
considered as being irreversible. The remaining free binding sites of the protein can be used to 
complex other biotinylated molecules to obtain further functionalized protein-polymer hybrids 
4. Apart from being larger than the traditional and polymeric amphiphiles, these biohybrids 
also have a built-in functionality, namely the protein or enzyme. The biohybrids described in 
this thesis differ from other protein-polymer systems reported in the literature, in the sense that 
the protein to polymer ratio is predefined and the position of the conjugation site is precisely 
known. 
 
Figure 1 Schematic representation of the modular construction of giant amphiphile 3 and the functional protein-
polymer hybrid 4 from biotinylated polystyrene 1 and streptavidin 2. 
Monolayers of giant amphiphiles consisting of two monobiotinylated polystyrene chains and 
streptavidin were successfully constructed using a Langmuir trough. The specific binding 
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between the polymer and the protein was validated using several different techniques. The 
biohybrids were functionalized with biotinylated fluorescent probes and with the biotinylated 
protein ferritin. Furthermore, catalytically active giant amphiphiles were constructed by linking 
two polystyrene chains and the enzyme horseradish peroxidase to the streptavidin molecule. 
The resulting hybrids were shown to have retained their catalytic activity. 
Attempts to construct three dimensional aggregates of the giant amphiphiles were hampered by 
the fact that no common solvent for the polystyrene chains and the protein could be found. 
Therefore, aggregates were prepared by a two-step process, in which the biotinylated polymer 
was first dispersed in water and subsequently functionalized with the streptavidin protein 
dissolved in water. 
Apart from polymers containing the ligand biotin, also dicyclohexylurea-endcapped polymers 
were found to bind to streptavidin. These biohybrids were shown to be able to form 
monolayers and three dimensional aggregates in aqueous solutions. 
Polystyrene molecules containing two biotin groups were synthesized in order to obtain even 
better defined protein-polymer hybrids. The spacer between the two biotin groups was 
designed to be sufficiently long to span the distance between two neighboring binding sites on 
the streptavidin molecule, and short enough to prevent the interlinking of protein molecules. 
The resulting giant amphiphiles, therefore, consist of only one polystyrene chain and one 
streptavidin molecule. Similar experiments were performed with a (model) compound 
containing two propanediurea units, which are known to act as reversible binding ligands for 
streptavidin. 
Different synthetic routes to obtain rigid biotinylated polyisocyanide polymers were explored. 
It was anticipated that such macromolecules upon association with streptavidin would yield 
chiral and very rigid giant amphiphiles. The polymers could be prepared, but due to lack of 
time no experiments were carried out to prepare the giant amphiphiles and to study their self-
assembly properties. 
To overcome the lack of a common solvent for both parts of the giant amphiphile, viz. the 
apolar polymer chains and the polar protein, the use of a temperature responsive polymer, viz. 
poly(N-isopropylacrylamide) was investigated. This polymer is soluble is water below a certain 
temperature (32ºC), whereas it is insoluble above this temperature. Preliminary results showed 
that it is advantageous to use the synthesized biotinylated poly(NIPAM) instead of the 
biotinylated polystyrene for the construction of the giant amphiphiles. This approach, 
furthermore, opens the possibility to tune the aggregation behavior of the biohybrids by 
controlling the temperature.  
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Samenvatting 
Amfifielen of surfactanten zijn verbindingen die zowel een hydrofiel als een hydrofoob 
gedeelte bezitten. Het hydrofobe deel – aangeduid als de ‘staart(en)’ – bestaat uit één of 
meerdere alkyl-ketens, terwijl het hydrofiele deel – aangeduid als de ‘kopgroep’ – veelal wordt 
gevormd door geladen (soms tegengesteld geladen) groepen. Bij het dispergeren van een 
amfifiele verbinding in water, groeperen de moleculen zichzelf zodanig dat de kopgroepen naar 
de waterfase worden gericht en de staarten naar binnen, in de vorm van clusters. Dit leidt tot de 
vorming van aggregaten, zoals micellen, staven, vlakke bilagen, geïnverteerde micellen, 
bicontinue structuren en vesikels. 
In dit proefschrift worden de synthese en de studie van de fysische eigenschappen van 
amfifiele eiwit-polymeer hybriden beschreven. Deze zogenaamde “giant”-amfifielen kunnen 
worden beschouwd als een nieuwe klasse van surfactanten, naast die van de laag-moleculair-
gewicht amfifielen en de klasse van amfifiele blok-copolymeren, ook bekend als “super-
amfifielen”. De bestudeerde amfifiele biohybriden 3 (Figuur 1) bestaan uit het eiwit 
streptavidine 2, dat dient als de polaire kopgroep, en één of twee polymeerketens 1, die 
voorzien zijn van de verbinding biotine; laatstgenoemde ketens fungeren als de apolaire 
staarten. De affiniteit tussen streptavidine en biotine is zodanig hoog (Ka ≈ 1015 M-1; 21 kcal 
mol-1) dat de formatie van het complex tussen deze verbindingen als irreversibel kan worden 
beschouwd. De resterende vrije bindingsplaatsen van het eiwit kunnen worden gebruikt voor 
de complexering van andere, van biotine voorziene moleculen, zodat gefunctionaliseerde eiwit-
polymeer-hybriden 4 worden verkregen. Behalve dat de biohybriden groter van afmeting zijn 
dan de traditionele en de uit polymeren opgebouwde amfifielen, bezitten ze ook nog een 
ingebouwde functionaliteit door de aanwezigheid van het eiwit of enzym. De in dit proefschrift 
bestudeerde biohybriden verschillen van andere eiwit-polymeer-systemen die beschreven staan 
 
Figuur 1 Schematische weergave van de modulaire constructie van het giant-amfifiel 3 en de functionele eiwit-
polymeer hybride 4 uit gebiotinyleerd polystyreen 1 en streptavidine 2. 
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in de literatuur, doordat ze een van te voren vastgelegde en goed gedefinieerde eiwit-polymeer-
verhouding bezitten en de positie van de conjugatieplaats precies is vastgesteld. 
Monolagen van giant-amfifielen, bestaande uit twee van biotine-groepen voorziene 
polystyreenketens en streptavidine, werden geconstrueerd met behulp van een Langmuirtrog. 
De specifieke binding tussen het polymeer en het eiwit werd met verschillende technieken 
vastgesteld. De biohybriden werden vervolgens gefunctionaliseerd met fluorescente 
verbindingen en met het eiwit ferritine. In beide gevallen werd biotine als koppelstuk gebruikt. 
Tevens werden er katalytisch actieve giant-amfifielen gemaakt door de twee polystyreenketens 
en het enzym horseradish peroxidase te koppelen aan streptavidine. Van de resulterende 
hybriden werd aangetoond dat ze hun katalytische activiteit hadden behouden. 
Pogingen om drie-dimensionale aggregaten (bijvoorbeeld micellen of vesikels) te verkrijgen 
uitgaande van de giant-amfifielen, werden bemoeilijkt doordat er geen gemeenschappelijk 
oplosmiddel kon worden gevonden voor de polymeerketens en het eiwit. De aggregaten 
werden daarom door middel van een twee-staps proces gemaakt, namelijk door eerst de van 
biotine voorziene polystyreenketens in water te dispergeren en vervolgens het in water 
opgeloste eiwit streptavidine toe te voegen. 
Behalve polymeren die zijn gefunctionaliseerd met biotine, bleken ook polystyreenketens die 
aan het uiteinde voorzien zijn van dicyclohexylureum aan streptavidine te binden. Van deze 
biohybriden werd aangetoond dat ze in staat zijn om monolagen en drie-dimensionale 
aggregaten te vormen in waterige oplossingen. 
Om nog beter gedefinieerde eiwit-polymeer-hybriden te verkrijgen, werden polystyreenketens 
met twee biotine-groepen gesynthetiseerd. De spacer tussen de twee biotine-groepen werd 
zodanig ontworpen dat deze lang genoeg was om de afstand tussen twee naburige 
bindingsplaatsen op het eiwit te overbruggen en kort genoeg om koppelingen tussen twee 
verschillende eiwitten te voorkomen. De resulterende giant-amfifielen bestaan dan ook uit 
maar één polystyreenketen en één streptavidine-molecuul. Vergelijkbare experimenten werden 
uitgevoerd met een (model)verbinding die twee propaandiureum-groepen bevatte. 
Propaandiurem staat bekend als een reversibel bindend ligand voor streptavidine. 
Verscheidende synthetische routes werden onderzocht om rigide polymeren van isocyaniden, 
voorzien van biotinegroepen, te verkrijgen. Van deze polymeren werd verwacht dat ze na 
associatie met streptavidine chirale en zeer rigide giant-amfifielen zouden opleveren. De 
polymeren werden gesynthetiseerd, maar door gebrek aan tijd kon er geen onderzoek worden 
verricht naar de constructie en de zelf-assemblerende eigenschappen van de betreffende 
amfifielen. 
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Als laatste werd het gebruik van temperatuur-gevoelige polymeren, zoals poly(N-
isopropylacrylamide), onderzocht als mogelijkheid om biohybride amfifielen te construeren. 
Een dergelijk temperatuur-gevoelig polymeer zou een oplossing kunnen bieden voor het 
probleem dat er geen gemeenschappelijk oplosmiddel voor de beide delen - de apolaire 
polymeerketen en het polaire eiwit - van het giant-amfifiel gevonden kon worden. Poly(N-
isopropylacrylamide) is oplosbaar in water beneden een bepaalde temperatuur (32ºC), terwijl 
het onoplosbaar is boven deze temperatuur. De eerste voorlopige resultaten hebben aangetoond 
dat het inderdaad voordelig is om poly(NIPAM) met een biotinegroep te gebruiken in plaats 
van polystyreen met een dergelijke groep. Deze aanpak biedt tevens de mogelijkheid om het 
aggregatiegedrag van de biohybriden te sturen door de temperatuur te varieren. 
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genoemd (en waarschijnlijk ook nog een evenredig aantal die ik ben vergeten) was dit 
proefschrift nooit tot stand gekomen. Ik wil hen hierbij dan ook hartelijk bedanken. 
 
Allereerst mijn promotor, Prof. Dr. R.J.M. Nolte. Roeland, bedankt voor de grote mate van 
vrijheid die je me gaf. Dit gaf mij de unieke kans het onderzoek op mijn eigen manier aan te 
pakken, inclusief het daarbij behorende vallen en opstaan. Met elk (mee- en tegenvallend) 
resultaat kwamen weer tientallen enthousiaste ideeën van jouw zijde, waar ik dan weer een 
behoorlijke tijd mee zoet was. 
Minstens zoveel dank wil ik geven aan mijn copromotor, Dr. N.A.J.M. Sommerdijk. Nico, 
jouw kijk op de dingen zorgde ervoor dat ik gemotiveerd en eventueel geremd werd waar het 
nodig was. Voor elk praktisch probleem had jij wel weer een (niet altijd even) praktische 
oplossing. Dat jouw standplaats Eindhoven was in plaats van Nijmegen, had een positieve 
uitwerking op mijn onderzoek: het netwerk en de apparatuur die je daar tot je beschikking had 
waren vaak een uitkomst voor mijn onderzoekstechnische problemen. 
 
Ik heb het geluk gehad in de tijden van studentenschaarste, toch zes studenten geheel of 
gedeeltelijk te mogen begeleiden. Allereerst was daar Robert, die als ministage voor de 
Technische Universiteit Eindhoven zes weken voor mij achter de elektronen-microscoop 
verbleef. De vierkante oogjes zijn niet voor niets zijn geweest, de gemaakte foto’s (7 (!) zip 
disks vol) hebben ons veel inzicht verschaft in de organisatie van de amfifielen. 
Mijn eerste hoofdvak-student was Joost. Samen met jou heb ik alle diepte en gelukkig daarna 
ook de hoogtepunten van het onderzoek beleefd. Ondanks dat jij mijn eerste echte proefkonijn 
op het vlak van de “studentenbegeleiding” was, zijn er toch erg mooie resultaten uit het werk 
gekomen, die een mooi plaatsje hebben gekregen in dit boekje. Dit niet in de laatste plaats door 
jouw grote mate van zelfstandigheid en zelfmotivatie.  
The first of my four Spanish students was Pedro. You arrived in a cold and rainy Netherlands 
at the time that Joost was finishing his work. Together with him you constructed the weak 
binding equivalent of the bisligand, which was a little bit trickier than expected. We will never 
forget your pronunciation of the Dutch word “ui”. Together with Joost you formed the 
“Cockroach Terminator Squad”, but I will not go into the tiny little details right here. 
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Probably due to the enthusiastic stories of Pedro, Henar came also over from Barcelona soon 
after. It was not always easy for you to have two supervisors (Kelly and me), but you handled it 
quite well. Although your studies have not appeared as a separate chapter in this thesis, they 
were used by several other people in the lab during their research. I was happy to see that you 
liked the Netherlands so much, that you even have decided to accept a job in this country.  
Pilar (Pili) performed for my colleague Pieter and for me some nice explorative work in the 
field of polyisocyanides, which are able to bind to proteins. You have shown to be capable of 
using a lot of different techniques in order to investigate the properties of the obtained 
compounds. The Friday afternoons were famous for the fact that only at those moments you 
managed to break things, just as we planned to go home for the weekends. Apparently this has 
not withheld you from doing more practical work, as you are yourself a PhD-student in the 
group now. 
Marta was a Spanish student who was working on a joint project of Femke and me. It was nice 
to see you grow in your job as a researcher, getting more self-confidence with every 
experiment. This has lead to a very interesting piece of work, which will sure be continued by 
other people in the group. You apparently enjoyed the live and love in the Netherlands very 
much as you also have decided to stay here for at least four more years. 
 
Een prettige samenwerking op het gebied van de AFM was er met Philippe Foubert uit de 
groep van Prof. De Schryver van de universiteit van Leuven. Met veel geduld en (Hollandse?) 
nuchterheid wist jij de bij nader inzien niet zo heel gemakkelijke experimenten toch tot een 
goed einde te brengen en te interpreteren. Joan Farrera (University of Barcelona) was a 
constant scientific factor during the summers: every year you came from Spain to perform 
experiments, which helped me to establish the fundamentals of my own research. Furthermore, 
you made sure that a constant flow of Spanish students was coming our way. Thanks! 
 
Natuurlijk waren daar ook de collega aio/oio’s en post-docs, die zorgden voor een optimale 
werksfeer op de drie verschillende labs. Zonder hen was het aio-leven een stuk minder leuk 
geweest. Eerst had je daar de oude generatie aio’s: Rob (del-ster-punt-ster-in-backslash-
windows), Alexander (a.k.a. Kros), Bart (SAW koning, maar nog niet voor squash), Jantien 
(hatseklats), Hans El. (constante factor), Hans En. (bijna familie), Bastienne (studiereis), Peter 
(sterke en ware(?) verhalen), Jeroen (hand op dij), Edward (bekend van de computeranimaties) 
en Jack (goed hoorbaar). Daarna de nieuwe lichting: Femke (paranimf nooit-zonder-boterham), 
Mark (Eindhoven, duiven), Marga (echt waar?), Vera (er valt altijd wel iets te 
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organiseren/regelen), Dennis (Portugal), Ruud (beruchte internetpagina’s), Johan (idem), Pieter 
(alleen beschrijvingen in superlatieven), Aurelie (de kleuren permanganaat en nitrofenol...), 
Gerald (Friesland). En dan natuurlijk nog de stafleden Martin en Alan, de buitenlandse post-
docs Bea, Simon, Simon, Cristina, Mariangela, Isabelle, Kelly en Palli, en alle studenten, die 
minstens zo bepalend waren voor de sfeer in en rond het lab. 
Naast de mensen uit Nijmegen was er ook nog het “Nico-groepje” (Mark, Jack, Nico, Jeroen, 
Fiorella en Daniella) dat een belangrijke impuls gaf aan mijn onderzoek. Elke twee weken 
werden er felle discussies gevoerd in Nijmegen of in Eindhoven, zodat na afloop weer een tal 
van nieuwe ideeën konden worden omgezet in bijbehorende proefjes. 
 
Minstens zo belangrijk waren de mensen die zorgden voor de analytische ondersteuning. De 
verantwoordelijken voor de chemicaliën Chris Kroon, Wim van Luyn en Peter van Dijk waren 
een ontzettende hulp als ik weer eens en het liefst per direct een stofje nodig had. De metingen 
werden verzorgd en ondersteund door Ad Swolfs (NMR), Peter van Galen (massa), Helene 
Amatdjais-Groenen (EA). Pieter van de Meer (computers), Joost van Dongen (massa, TUE) en 
Jurriaan Huskens (calorimetrie, UT). Hans Adams ben ik veel dank verschuldigd voor het 
uitvoeren van de counter-current-scheidingen, die voor mij vaak het laatste redmiddel waren na 
de synthese. Huub Geurts zorgde voor een fantastische ondersteuning tijdens de 
elektronenmicroscopie-sessies. Hij verzon bovendien altijd wel weer een ingenieuze manier 
om de samples op de juiste wijze te prepareren. Mieke Wolters-Arts was erg verdienstelijk 
tijdens de microtomie-experimenten. Tenslotte waren Sandra Tijdink en vooral Désirée van der 
Weij onmisbaar voor het (administratieve) reilen en zeilen van de afdeling. 
 
Bij voorbaat grote dank aan mijn twee paranimfen en vriendinnen Viola van Guldener (nee, dit 
is de enige piste naar beneden) en Femke de Loos (vaste gesprekspartner tijdens Lunteren). De 
gesprekken, skivakanties en uiteenlopende voorvallen zal ik me nog lang herinneren. 
 
Tot slot wil ik al mijn vrienden (de “Ardennengroep”) en mijn ouders bedanken voor de dingen 
buiten het lableven. Veronique, jou wil ik in het bijzonder bedanken voor je steun en liefde. 
Zelfs jouw richtingsgevoel kan mij een gelukkig moment bezorgen. 
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Curriculum Vitae 
De schrijver van dit proefschrift werd geboren op 6 augustus 1975 te Oss. In 1993 behaalde hij 
zijn VWO diploma aan het Florens Radewijns College te Raalte. In datzelfde jaar begon hij aan 
de studie Scheikunde aan de Katholieke Universiteit Nijmegen. Met als nevenrichting 
Biofysische Chemie in de groep van Prof. Dr. C.W. Hilberts en als hoofdrichting Organische 
Chemie in de groep van Prof. Dr. R.J.M. Nolte, behaalde hij in oktober 1998 het doctoraal 
examen. Van november 1998 tot november 2002 was hij aangesteld als AiO in de vakgroep 
Organische Chemie van de Katholieke Universiteit Nijmegen. Onder leiding van Prof. Dr. 
R.J.M. Nolte en Dr. N.A.J.M. Sommerdijk werd in deze periode gewerkt aan het in dit 
proefschrift beschreven onderzoek. Sinds april 2003 is de auteur in dienst van PamGene 
International te ’s-Hertogenbosch. 
 
